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T h i s  r e p o r t  d e s c r i b e s  t h r e e  e x p e r i m e n t s  t h a t  m e a s u r e  t h e  p e r c e p t i o n  
of v i s u a l  a n d  t a c t i l e  d o t  p a t t e r n s  p r e s e n t e d  w i t h  a 3 by 8 m a t r i x  of 
v i s u a l  o r  t a c t i l e   s t i m u l a t o r s .   T h e s e   e x p e r i m e n t s   m e a s u r e   c h a r a c -  
t e r i s t i c s  of v i s u a l  o r  t a c t i l e  s h o r t - t e r m  memory  by u s e  of a s a m p l i n g  
p r o c e d u r e   i n   w h i c h   t h e   s u b j e c t   m a k e s  a p a r t i a l  r e p o r t  t h a t  i s  cued  by 
an a u d i t o r y   m a r k e r .   T h e   r e s u l t s   s u g g e s t   t h a t   t h e   s h o r t - t e r m  memory 
b e i n g   m e a s u r e d   r e s i d e s   i n   a n   a r e a  common t o  b o t h  v i s u a l  and t a c t i l e  
m o d a l i t i e s .  
T h e   a u t h o r s   p r e s e n t  a t a c t i l e  f e e d b a c k  s y s t e m  t h a t  i s  b u i l t  i n t o  
a Model 8 A  Rancho A r m .  T h i s   s y s t e m   c o n s i s t s  of a n   a r r a y  of 4 8   c o n t a c t  
p o i n t s  m o u n t e d  o n  0 . 1 - i n c h  c e n t e r s  i n  a u n i f o r m l y   s p a c e d  4 by 12 
m a t r i x   o n   t h e   s l a v e   t o n g s .  A c o r r e s p o n d i n g  4 by 1 2  a r r a y   o f   v i b r a t o r s  
was  mounted t o  s t i m u l a t e  t h e  o p e r a  
d e s c r i b e d   t h a t   e v a l u a t e   t h e   s y s t e m  
s y s t e m  a r e  a l s o  g i v e n .  
t o r ' s  f i n g e r .   F i v e   e x p e r i m e n t s   a r e  
. Recommenda t ions   fo r   improv ing   t he  
T h e  r e p o r t  a l s o  d e s c r i b e s  a new s o f t w a r e  s y s t e m  t h a t  i s  d e s i g n e d  
f o r  o n - l i n e   e x p e r i m e n t   c o n t r o l   b y  a s m a l l   c o m p u t e r .   C e r t a i n   c o n c e p t s  
s u c h   a s   s u b f i l e s ,   p a g e s ,   a n d   b l o c k   s t r u c t u r e  w e r e  i m p l e m e n t e d   i n   t h e  
s y s t e m  t o  overcome many of t h e  a p p a r e n t  l i m i t a t i o n s  of t h e  s m a l l  
memory of t h e  LINC-8 compute r  wh ich  i s  used  f o r  o n - l i n e  e x p e r i m e n t  
c o n t r o l .  
i i i  
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I INTRODUCTION 
T h i s  i s  t h e  f i n a l  r e p o r t  o n  a p r o j e c t  c o n s i s t i n g  of t h e  f o l l o w i n g  
t a s k s  : 
To  improve   and   ex tend   deve lopmen t  of a n  i n f o r m a t i o n -  
p r o c e s s i n g  m o d e l  of t a c t i l e  p e r c e p t i o n  b y  p e r f o r m i n g  
e x p e r i m e n t s   o n   s p a t i a l   a n d   t e m p o r a l   l o c a l i z a t i o n  of 
t a c t i l e  s t i m u l i .  
T o  p e r f o r m  e x p e r i m e n t s  w i t h  v a r i o u s  forms o f  t a c t i l e  
f eedback   f rom a remote m a n i p u l a t o r  i n  a n  a t t e m p t  t o  
a n s w e r  i m p o r t a n t  d e s i g n  q u e s t i o n s  f o r  a t a c t i l e  f e e d -  
back   sys t em  and  t o  es t imate  t h e  i n c r e a s e  i n  p e r f o r -  
mance t h a t  c o u l d  be e x p e c t e d  w i t h  s u c h  a s y s t e m .  
T o  e x p e r i m e n t  w i t h  new t e c h n i q u e s  f o r  t a c t i l e  s t i m u -  
l a t i o n  a n d   t o u c h   s e n s i n g  f o r  t e l e o p e r a t o r s .  
T o  d e v e l o p   c o m p u t e r   p r o g r a m s   a n d   e l e c t r o n i c   e q u i p m e n t  
t o  e x t e n d  t h e  c a p a b i l i t i e s  of o u r  f a c i l i t y  f o r  o n - l i n e  
c o m p u t e r  c o n t r o l  of e x p e r i m e n t s .  
The   work   on   Task  1 i s  d e s c r i b e d  i n  S e c t i o n  I1 of t h i s  r e p o r t .  
T a s k s  2 and 3 a r e  d e s c r i b e d   i n   S e c t i o n  111. S e c t i o n  I V  d e s c r i b e s  t he  
work   on   Task  4 .  Conc lus ions   and   r ecommenda t ions  from e a c h  of t h e s e  
t a s k s  a r e  g i v e n  a t  the  end of e a c h  s e c t i o n .  
1 

I1 PSYCHOPHYSICS  EXPERIMENTS 
A .  Exper imen t  P1: P r e l i m i n a r y   T e s t  of Vi sua l   Shor t -Te rm Memory 
f o r  D o t  P a t t e r n s  U s i n g  a n  A u d i t o r y  M a r k e r  
1.  Background 
I n  a p r e v i o u s   e x p e r i m e n t   ( B l i s s ,  H i l l ,  and Wilber, 1968) w e  
a t t e m p t e d  t o  m e a s u r e  v i s u a l  short-term memory c h a r a c t e r i s t i c s  b y  u s i n g  
t h e  s a m e  d o t  p a t t e s n s  t h a t  we  h a d  s u c c e s s f u l l y  u s e d  t o  m e a s u r e  ' t a c t i l e  
s h o r t - t e r m  memory c h a r a c t e r i s t i c s   ( B l i s s ,   C r a n e ,   M a n s f i e l d ,   a n d   T o w n s e n d ,  
1966, H i l l  a n d   B l i s s ,   1 9 6 8 )  , T h e   r e s u l t s  of t h e   v i s u a l   e x p e r i m e n t s ,  
u s i n g  b o t h  v i s u a l  p a t t e r n s  a n d  a v i s u a l  m a r k e r ,  f a i l e d  t o  show any  
s h o r t - t e r m  memory c a p a c i t y .   A f t e r   f u r t h e r   c o n s i d e r a t i o n   o f   t h o s e   r e s u l t s ,  
and r e s u l t s  o b t a i n e d  b y  Keele and  Chase (1967) ,  w e  d e c i d e d  t h a t  p r e -  
s e n t a t i o n  of bo th  t h e  p a t t e r n  a n d  t h e  m a r k e r  t o  t h e  s a m e   s e n s e   m o d a l i t y  
may h a v e   c a u s e d   i n t e r f e r e n c e   w i t h   t h e   p e r c e p t u a l   p r o c e s s .   T h i s  i s  
d i s c u s s e d   i n   B l i s s ,  H i l l ,  and Wilber (1968, p .  100) .  
I n  o r d e r  t o  make t h e  t a c t i l e  a n d  v i s u a l  e x p e r i m e n t a l  s i t u a t i o n s  
more c o m p a r a b l e  t h e  f o l l o w i n g  p r e l i m i n a r y  e x p e r i m e n t  w a s  c a r r i e d  o u t .  
I n s t e a d  of the  v i s u a l  m a r k e r ,  a n  a u d i t o r y  m a r k e r  c o n s i s t i n g  of t h r e e  
d i f f e r e n t  t o n e s  w a s  u s e d  t o  d i s t i n g u i s h  b e t w e e n  t h e  t h r e e  d i f f e r e n t  
rows of t h e  s t i m u l u s   p a t t e r n s .   T h i s   e x p e r i m e n t ,   a s  t h e  p r e v i o u s  
t a c t i l e  e x p e r i m e n t s ,  u s e d  s e p a r a t e  s e n s e  m o d a l i t i e s  t o  convey  the  
s t i m u l u s   a n d   t h e   m a r k e r   i n f o r m a t i o n .   T h e   e x p e r i m e n t   w a s   d e s i g n e d  t o  
t es t  whe the r  a l a r g e r  number of p o s i t i o n s  i s  a v a i l a b l e  t h a n  c a n  be 
c o r r e c t l y  r e p o r t e d  i n  a w h o l e   r e p o r t .   T h e   r e s u l t s  show t h a t  s i g n i f i -  
c a n t l y  more p o s i t i o n s  a r e  a v a i l a b l e  t h a n  c a n  be r e p o r t e d  i n  t h e  whole 
r e p o r t ,  i n d i c a t i n g  a v i s u a l  short-term memory f o r  d o t  p a t t e r n s .  
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2 .  Method 
a .  A p p a r a t u s  
T h e  v i s u a l  d o t - p a t t e r n  s t i m u l i  were p r o d u c e d  w i t h  t h e  
l i g h t  box shown i n  F i g u r e  1. The  24 n e o n   l a m p s   a r e   a r r a n g e d   i n  the 
same 3 x 8 s p a t i a l   a r r a n g e m e n t  a s  o u r  p r e v i o u s   e x p e r i m e n t s .   T h e   l i g h t  
box w a s   p l a c e d   1 1 4   i n c h e s  from t h e  s u b j e c t   a n d   s u b t e n d e d  a v i s u a l  a n g l e  
of t w o  d e g r e e s   a t   t h e   s u b j e c t ’ s   e y e .   T h e   a v e r a g e   b r i g h t n e s s  of t h e  
whi te   cardboard   mask   was  46 f L ,  and t h a t  o f  t h e  l amps   40  f L .  I n  t h e  
t r a i n i n g  p o r t i o n  of t h e  e x p e r i m e n t ,   f o u r   r a n d o m l y   c h o s e n   l a m p s  were 
s i m u l t a n e o u s l y   l i g h t e d   f o r  100 m s ,  and i n  t h e  l a t e r   p o r t i o n ,   1 2   l a m p s  
were s i m u l t a n e o u s l y   l i g h t e d  f o r  t h e  s a m e   l e n g t h  of time. 
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FIGURE 1 FRONT VIEW OF  LIGHT BOX USED IN THE  XPERIMENT 
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c . P r o c e d u r e  
I n  t h e  t r a i n i n g  p h a s e  of t h e   e x p e r i m e n t ,   e a c h   s u b j e c t  
w a s  t e s t e d  o n  h i s  a b i l i t y  t o  r e p o r t  f o u r  p o s i t i o n  p a t t e r n s  u n t i l  h i s  
p e r f o r m a n c e   s t a b i l i z e d .  After t r a i n i n g ,   t h e   s u b j e c t s  were paced   th rough 
t h e   r e m a i n d e r  of t h e  test s c h e d u l e ,   w h i c h   i n v o l v e d :  
(1) T h r e e  tes ts  r e q u i r i n g  a p a r t i a l   r e p o r t   o f  
t h e  1 2  p o s i t i o n  p a t t e r n s ,  
(2 )   Fo l lowed   by  t w o  tests w i t h  a w h o l e   r e p o r t  
o f   t h e   s a m e   p a t t e r n s ,  
(3)  F o l l o w e d   b y   t h r e e  tes ts  w i t h  a p a r t i a l  
r e p o r t  of t h e  p a t t e r n s .  
E a c h  s u b j e c t  p a r t i c i p a t e d  i n  t h e  e x p e r i m e n t s  f o r  a p p r o x i m a t e l y  a h a l f -  
h o u r   p e r i o d   e a c h   d a y .   D u r i n g   t h i s   p e r i o d ,   h e   c o m p l e t e d  a v a r i a b l e  
number   o f   s e s s ions  (from t w o  t o  s i x )  . 
I n   e a c h   t r a i n i n g   s e s s i o n ,  24 s t i m u l u s   p r e s e n t a t i o n s  
were m a d c .   F o l l o w i n g   e a c h   p r e s e n t a t i o n ,   t h e   s u b j e c t   o r a l l y   r e p o r t e d  
t h e  p o s i t i o n s  of t h e   l i g h t e d   l a m p s ,   u s i n g   t h e   a l p h a - n u m e r i c   r e p o r t i n g  
a l p h a b e t  shown i n  F igure  1. A t y p i c a l   r e s p o n s e   w o u l d   b e  1AC2H3A. If 
a s u b j e c t  r e p o r t e d  fewer t h a n  f o u r  l o c a t i o n s ,  he was  asked t o  c o n t i n u e  
r e p o r t i n g   a n d  t o  g u e s s  when n e c e s s a r y .   I f   h e   r e p o r t e d  more t h a n   f o u r  
l o c a t i o n s ,   o n l y   t h e  f irst  f o u r  were r e c o r d e d .   T h e s e   r e s p o n s e s  were 
t y p e d   i n t o   t h e   c o n t r o l   c o m p u t e r   b y   t h e   e x p e r i m e n t e r .   T h e r e   w a s   n o  
f i x e d  time w i t h i n   w h i c h  a s u b j e c t  was   fo rced  t o  r e s p o n d .  A s  s o o n   a s  
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the e x p e r i m e n t e r   f i n i s h e d   t y p i n g  t h e  l a s t  r e s p o n s e ,  a r e i n f o r c e m e n t  
( r e p e a t  of t h e  s t i m u l u s  f o r  1 .67 s )  was a u t o m a t i c a l l y  i n i t i a t e d  b y  the 
c o m p u t e r .   T h e   r e i n f o r c e m e n t  was f o l l o w e d   b y  a f our -second  pause   and   then  
t h e  n e s t  s t i m u l u s .  
I n  the p a r t i a l - r e p o r t  s e s s i o n s ,  66 s t i m u l u s   p r e s e n -  
t a t i o n s  were made .   Fo l lowing  t h e  p r e s e n t a t i o n ,   t h e   s u b j e c t   w a s   i n -  
formed  by a t o n e  a s  t o  t h e  row f rom  which  t h i s  r e s p o n s e   s h o u l d  come. 
The  e igh t  topmos t   l amp   pos i t i ons   (1A- lH)  were d e n o t e d  b y  t h e  h i g h  t o n e  
(1000 H z ) ,  p o s i t i o n s  l a b e l e d  2A-2H were d e n o t e d   b y   t h e   m i d d l e   t o n e  
(250 Hz), and 3A-3H were d e n o t e d   b y  the low t o n e  (100 Hz) . The   marke r  
t o n e   b e g a n   i m m e d i a t e l y   f o l l o w i n g   s t i m u l u s   t e r m i n a t i o n   a n d   l a s t e d  f o r  
250 m s .  T h e   s u b j e c t ' s   r e s p o n s e  t o  a p a r t i a l - r e p o r t  t r i a l  was a number 
(1, 2, o r  3) c o r r e s p o n d i n g  t o  t h e  row, f o l l o w e d   b y   f o u r  l e t t e r s  corres- 
pond ing  t o  the i l l u m i n a t e d   l a m p s   i n  t h e  row ( e  . g . ,  3ACDF) . Each 
m a r k e r   o c c u r r e d   a n   e q u a l   n u m b e r  of times i n   e a c h   s e s s i o n .   M a r k e r   o r d e r  
w a s   r a n d o m   a n d   v a r i e d   f r o m   s e s s i o n  t o  s e s s i o n .   I n   a l l   p a r t i a l - r e p o r t  
s e s s i o n s ,   t h e   t o t a l   n u m b e r  of i l l u m i n a t e d   l a m p s  was 12, w i t h  f o u r  
r a n d o m l y  l o c a t e d  i n  e a c h  row. 
T h e   w h o l e - r e p o r t   s e s s i o n s  were c a r r i e d  o u t  u s i n g  t h e  
s a m e  s t i m u l u s  p a t t e r n s  u s e d  i n  t h e  p a r t i a l - r e p o r t  s e s s i o n s  d e s c r i b e d  
a b o v e .   T h e   w h o l e - r e p o r t   p r o c e d u r e   w a s   t h e  same a s   t h e   t r a i n i n g   p r o -  
c e d u r e   e x c e p t   t h a t  there  was n o   r e i n f o r c e m e n t .   T h e   e x p e r i m e n t e r ' s  
t y p i n g   o f   t h e  l a s t  r e s p o n s e  i n i t i a t e d  a fou r - second   pause ,   fo l lowed  b y  
t h e  n e s t  s t i m u l u s .  
D u r i n g  t he  s e s s i o n s ,  t h e  s u b j e c t s  were asked  t o  f i s a t e  
o n   t h e  c ross  i n  t h e  c e n t e r  of the d i s p l a y .  On a n y   o n e   t r i a l ,  n lamps 
were c h o s e n   ( b y   t h e   c o m p u t e r )   o u t  of the 24 p o s s i b l e   l a m p s .   I n   a n y  
one session the  number of l a m p s   s i m u l t a n e o u s l y   l i g h t e d ,   n ,  was c o n s t a n t  
and known b y   t h e   s u b j e c t s .   I n   t o t a l ,   t h e r e  were 132 p r e s e n t a t i o n s  of 
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t h e  w h o l e - r e p o r t  p a t t e r n s  a n d  396 p r e s e n t a t i o n s  of t h e  p a r t i a l - r e p o r t  
p a t t e r n s  f o r  e a c h   s u b j e c t .   T h e s e   n u m b e r s  were chosen  so t h a t  the s t a n -  
d a r d  d e v i a t i o n  f o r  t h e  mean  number of p o s i t i o n s  a v a i l a b l e  or p e r c e i v e d  
i n  b o t h  of t h e s e  r e p o r t  c o n d i t i o n s  w o u l d  be t h e  s a m e  ( a  = 0 . 6 4  p o s i t i o n ) .  
d .   R e s u l t s  
The  number of p o s i t i o n s  c o r r e c t l y  r e p o r t e d  i n  t h e  
t r a i n i n g   a n d   w h o l e - r e p o r t   s e s s i o n s   a n d   t h e   n u m b e r  of p o s i t i o n s  
a v a i l a b l e  i n  t h e  p a r t i a l - r e p o r t  s e s s i o n s  were c o r r e c t e d  f o r  g u e s s i n g  
u s i n g   g u e s s i n g   M o d e l  I1 d e s c r i b e d   b y  H i l l  and B l i s s  ( 1 9 6 8 )  t o  o b t a i n  
the   number  of p o s i t i o n s   p e r c e i v e d   o n   e a c h   s e s s i o n .   T h e   r e s u l t s   o f   t h e  
t r a i n i n g  sessions f o r   b o t h   s u b j e c t s   a r e  shown i n   F i g u r e   2 .   T h e   p e r -  
formance  of b o t h  s u b j e c t s  i n c r e a s e d  s i m i l a r l y  d u r i n g  t h e  f i r s t  10 t es t  
sess ions  a n d   t h e n   l e v e l e d  o f f  a t  2 . 9  p o s i t i o n s  f o r  t h e  l a s t  f i v e  
s e s s i o n s .   T h e i r   v i s u a l   r e s u l t s  were s l i g h t l y   h i g h e r   t h a n   p r e v i o u s  
t a c t i l e  r e s u l t s  ( 2 . 5  p o s i t i o n s  p e r c e i v e d ,  r e p o r t e d  b y  H i l l  a n d   B l i s s ,  
1 9 6 8 ) ,   b u t   i n  c lose  a g r e e m e n t   w i t h   p r e v i o u s   v i s u a l   r e s u l t s  ( 3 . 0  
p o s i t i o n s   p e r c e i v e d ,   r e p o r t e d   b y   B l i s s ,  H i l l  and   Wi lber ,  1968, S e c t i o n  
V I )  . A f t e r   t h e   1 5 t h   t r a i n i n g   s e s s i o n ,   t h e   m a i n   p a r t   o f   t h e   e x p e r i m e n t  
was begun.  
T h e  r e s u l t s  of t h e   s h o r t - t e r m  memory tes t  a r e  shown i n  
F i g u r e  3 .  The f i r s t  t h r e e  and l a s t   t h r e e  tes ts  u s e   t h e   p a r t i a l   r e p o r t  
of t h e   p a t t e r n s ,   a n d   t h e   n u m b e r  of p o s i t i o n s   a v a i l a b l e  i s  p l o t t e d ;   t h e  
i n t e r m e d i a t e  tes ts  u s e   t h e   w h o l e   r e p o r t   o f   t h e   p a t t e r n s ,   a n d   t h e   n u m b e r  
o f   p o s i t i o n s   p e r c e i v e d  i s  p l o t t e d .   B e s i d e s   t h e   g e n e r a l   u p w a r d   t r e n d  
o f   t h e   p a r t i a l - r e p o r t   s c o r e s   w i t h   p r a c t i c e ,   t h e   m a i n   r e s u l t   o f   t h e  
e x p e r i m e n t  i s  t h e  d i f f e r e n c e  b e t w e e n  t h e  w h o l e -  a n d  p a r t i a l - r e p o r t  
scores .  T h i s   d i f f e r e n c e  i s  s i g n i f i c a n t   C t ( 1 4 )  = 3.49 ,  p < 0.0051, 
i n d i c a t i n g   t h e   p r e s e n c e  of v i s u a l   s h o r t - t e r m  memory .   Wi th   the   p rev ious  
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FIGURE 2 NUMBER OF POSITIONS  PERCEIVED  ON  THE TRAINING SESSIONS 
WITH n = 4. 
v i s u a l - m a r k e r   a n d   v i s u a l - d i s p l a y   c o n d i t i o n   ( B l i s s ,  H i l l ,  and  Wilber ,  
1 9 6 8 ,   S e c t i o n  VII), t he re   was   no   measu rab le   sho r t - t e rm  memory .   The  
d i f f e r e n c e  b e t w e e n  t h e s e  t w o  e x p e r i m e n t s  s h o w s  t h a t  t h e  v i s u a l  m a r k e r  
o f  t h e  p r e v i o u s  e x p e r i m e n t  i n t e r f e r e s  w i t h  t h e  p e r c e p t i o n  of t h e  
p a t t e r n ,  l i m i t i n g  t h e  a b i l i t y  t o  p e r c e i v e   t h e   p a t t e r n ,  a s  d i s c u s s e d  
by Keele and Chase (1967)  . 
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FIGURE 3 NUMBER  OF  POSITIONS  PERCEIVED FROM THE 
TWELVE  POSITION  VISUAL  PATTERNS 
E x p e y i m Z t P L A L t u d y -  o f .  Vi s u a 1   S h o r t  -Term Memory for D o t  
P a t t e r n s   u n d e r  - a Wide Range of S t i m u l u s   C o n d i t i o n s  - . - .. - . . 
1. Background 
I n  E x p e r i m e n t  P 1  w e  r e p o r t e d  t h e  m e a s u r e m e n t  of a v i s u a l  
s h o r t - t e r m  memory for d o t  p a t t e r n s  v e r y  s i m i l a r  t o  t h a t  m e a s u r e d  i n  a 
p r e v i o u s   t a c t i l e   p e r c e p t i o n   s t u d y  ( H i l l  a n d   B l i s s ,   1 9 6 8 ) .   B o t h   t h e  
o v e r a l l  c a p a c i t i e s  of t h e  s h o r t - t e r m  memory (5 .0  p o s i t i o n s  for t a c t i l e  
p a t t e r n s   a n d  6.0 for v i s u a l )   a n d   t h e   p e r c e n t a g e   i n c r e a s e  i n  s i z e  o v e r  
t h e   i m m e d i a t e  memory c a p a c i t y  (50% i n c r e a s e  for t a c t i l e  p a t t e r n s  and 
30% f o r  v i s u a l )  i n d i c a t e  t h a t  t h e r e  may b e  s i m i l a r  p r o c e s s e s  u n d e r l y i n g  
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t a c t i l e  and v i s u a l   p e r c e p t i o n  of t h e s e   p a t t e r n s .   B e c a u s e   o f   t h e  w i d e  
r a n g e  of v i s u a l  s t i m u l u s  p a r a m e t e r s  t h a t  may h a v e  i n f l u e n c e d  t h e  r e s u l t s  
o f  t h e  v i s u a l  s h o r t - t e r m  memory e x p e r i m e n t ,  w e  d e c i d e d  t o  r u n  a s m a l l -  
s c a l e  e x p e r i m e n t  t o  test  t h e  e f f e c t s  of v a r y i n g  t h e  m a i n  v i s u a l - s t i m u l u s  
v a r i a b l e s .   T h e   a m b i e n t   b r i g h t n e s s ,   l a m p   b r i g h t n e s s ,   d i s t a n c e   f r o m   s u b -  
j e c t  t o  d i s p l a y ,  a n d  s t i m u l u s  d u r a t i o n  were v a r i e d  o v e r  f a i r l y  w i d e  
r a n g e s .   I n   t h i s  way, w e  hoped t o  f i n d   o u t   w h e t h e r   t h e   v i s u a l   s h o r t -  
term memory r e s u l t s  were d u e  t o  t h e  p a r t i c u l a r  c h o i c e  o f  s t i m u l u s  
p a r a m e t e r s  c h o s e n  o r  were g e n e r a l  p r o p e r t i e s  o f  t h e  v i s u a l  i n f o r m a t i o n  
s y s t e m ,   r e l a t i v e l y   i n d e p e n d e n t   o f   t h e   s t i m u l u s   p a r a m e t e r s .  
A s i m i l a r   e x p e r i m e n t   ( B l i s s ,  H i l l ,  and   Wi lber ,  1968) measu r ing  
t h e   s p a n   o f   v i s u a l   i m m e d i a t e  memory ( w h o l e - r e p o r t   c a p a c i t y )   h a s  shown 
v i s u a l  p e r f o r m a n c e  t o  b e  r e l a t i v e l y  i n d e p e n d e n t  o f  l a m p  b r i g h t n e s s ,  
a m b i e n t   b r i g h t n e s s ,   d i s p l a y   d i s t a n c e ,   a n d   d i s p l a y   d u r a t i o n .   I f   s h o r t -  
term memory c a p a c i t y  i s  a l s o   i n d e p e n d e n t   o f   t h e s e   v a r i a b l e s ,   a s   t h e  
r e s u l t s  of t h i s  e x p e r i m e n t  i n d i c a t e ,  t h e n  i n t e r e s t i n g  f u t u r e  c o m p a r i s o n s  
c a n   b e  made b e t w e e n   t a c t i l e   a n d   v i s u a l   i n f o r m a t i o n   p r o c e s s i n g .   T h e  
a d v a n t a g e  o f  t h i s  a p p r o a c h  w i l l  b e  t o  s e p a r a t e  t h e  p e r i p h e r a l  f r o m  t h e  
c e n t r a l  l i m i t a t i o n s  of t h e  v i s u a l / t a c t i l e  i n f o r m a t i o n - p r o c e s s i n g  s y s t e m .  
I f  t h e  v i s u a l  and t a c t i l e  r e s u l t s  a r e  s i m i l a r  t h e n  t h e  p r o p e r t i e s  
p r e v i o u s l y  a s s i g n e d  t o  t h e  t a c t i l e  c h a n n e l  may b e  i n s t e a d  c e n t r a l  
p r o p e r t i e s   o f   b o t h   c h a n n e l s .   U s i n g   t h i s   m e t h o d   o f   t a c t i l e - t o - v i s u a l  
c o m p a r i s o n ,   d i f f e r e n c e s  may b e  a t t r i b u t e d  t o  t h e  d i f f e r e n t  m o d a l i t i e s ,  
and s i m i l a r i t i e s  may b e  a t t r i b u t e d  t o  c e n t r a l - p r o c e s s i n g  l i m i t a t i o n s .  
2 .  Method 
a .   A p p a r a t u s  
T h e   e x p e r i m e n t   w a s   c a r r i e d   o u t   u n d e r   c o n t r o l   o f   t h e  
LINC-8 c o m p u t e r   s y s t e m ,   d e s c r i b e d   i n   E x p e r i m e n t   P 1 .   T h e   s a m e   l i g h t  
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box, r e p o r t i n g   a l p h a b e t ,   a n d  12 p o s i t i o n   p a t t e r n s   d e s c r i b e d   i n   t h a t  
e x p e r i m e n t  were u s e d .  
I n   t h e   e x p e r i m e n t a l   d e s i g n ,   t h e  two l e v e l s   o f   R m b i e n t  
i l l u m i n a t i o n ,  0 . 1  f L   a n d  50 f L ,   a r e   r e f e r r e d  t o  as   "ambient   dim"  and 
" a m b i e n t   b r i g h t , ' '   a n d   t h e  two l e v e l s   o f   l a m p   i l l u m i n a t i o n ,  58 f L  and 
4 2 0   f L ,   a r e   r e f e r r e d  t o  a s  " l amp   d im"   and   " l amp   b r igh t . "   The   d i s t ance  
f r o m   t h e   d i s p l a y  t o  t h e   s u b j e c t s   w a s   e i t h e r  30 or 90 i n c h e s .  A t  t h e s e  
two d i s t a n c e s ,  t h e  a n g u l a r  w i d t h  o f  t h e  d i s p l a y  f r o m  e x t r e m e  l i g h t  
t o   t h e   o t h e r   w a s   e i t h e r  6 . 7 "  or 2 . 2 " .  I n   d i f f e r e n t   p a r t s   o f   t h e   e x p e r i -  
m e n t ,  t h e   l e n g t h   o f  time t h a t   t h e   l a m p s  were s i m u l t a n e o u s l y   t u r n e d  o n  
( s t i m u l u s   d u r a t i o n )   w a s   e i t h e r  10, 33, 100, o r  333 m s .  
Upon e x t i n c t i o n  o f  t h e   s t i m u l u s   l a m p s ,  o n e  of t h r e c  
tones   was   sounded €or  250 m s  on a l o u d s p e a k c r  a d j a c e n t  t o  t h e  s u b , j e c t .  
T h e   t h r e e  tones  ( a p p r o x i m a t e l y  100, 250,  and 1000 Hz) denoted   which   of  
t h e   t h r e e   r o w s   o f   t h c   s t i m u l u s   p a t t e r n s   ( t o p ,   m i d d l e ,  o r  b o t t o m )   t h e  
s u b j e c t  w a s  t o  r e p o r t .  
b .   S u j e c t s  
O n e  male  ( P C )  and one f e m a l e  (LH) s u b j e c t  of collcgc 
age  were p a i d  fo r  t h e i r   s e r v i c e s .   N e i t h e r   s u b j e c t  hac1 a n y   p r e v i o u s  
e x p e r i e n c e  i n  t h i s   t y p e   o f   e x p e r i m e n t .  
c , P r o c e d u r e  
B e f o r e   t h e   e x p e r i m e n t   p r o p e r  was b e g u n ,   t h e   s u b j e c t s  
were g i v e n  a f e w  p r a c t i c e  s e s s i o n s  t o  become f a m i l i a r  w i t h  t h e  t a s k  and 
t h e   t h r e e   m a r k e r   t o n e s .   T h e   m a i n   e x p e r i m e n t   c o n s i s t e d   o f  a 
2 y 2 2 x 4 f a c t o r i a l   d e s i g n   ( a m b i e n t   b r i g h t n e s s   b y   l a m p   b r i g h t -  
ness by d i s p l a y   d i s t a n c e   b y   l a m p   d u r a t i o n ) .   T h e   3 2   s e s s i o n s  were 
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u n d e r t a k e n  i n  a s e p a r a t e  r a n d o m  o r d e r  f o r  e a c h  s u b j e c t ;  t h u s  a n y  v a r i a n c e  
d u e  t o  l e a r n i n g  is  i n c l u d e d   i n   t h e   r e s i d u a l   v a r i a n c e .   E a c h  of t h e  
s e s s i o n s   c o n s i s t e d   o f   2 4   s t i m u l u s   p r e s e n t a t i o n s .   T h e   s a m e   p a r t i a l -  
r e p o r t  p r e s e n t a t i o n  and r e p o r t i n g  m e t h o d s  were u s e d  a s  d e s c r i b e d  
i n  E x p e r i m e n t  P 1 .  
d . R e s u l t s  
The  number of p o s i t i o n s  c o r r e c t l y  r e p o r t e d  f o r  e a c h  
o f  t h e  t h r e e  r o w s  w a s  c o r r e c t e d  f o r  g u e s s i n g ,  u s i n g  g u e s s i n g  M o d e l  I1 
d e s c r i b e d  b y  H i l l  and B l i s s  (1968)  t o  o b t a i n  t h e  n u m b e r  o f  p o s i t i o n s  
p e r c e i v e d   i n   e a c h  sess ion .  T h e   n u m b e r   o f   p o s i t i o n s   p e r c e i v e d   o n  
e a c h  o f  t h e  t h r e e  rows were a d d e d  t o g e t h e r  t o  o b t a i n  t h e  number  of 
p o s i t i o n s   a v a i l a b l e  i n  e a c h   p a r t i a l   r e p o r t   s e s s i o n .   T h i s   m e t h o d  of 
m e a s u r i n g  s h o r t - t e r m  memory c a p a c i t y  i s  e x p l a i n e d  b y  S p e r l i n g  ( 1 9 6 0 ) .  
T h e  n u m b e r  o f  p o s i t i o n s  p e r c e i v e d  o n  e a c h  row w a s  g i v e n  a n  a n a l y s i s  
of v a r i a n c e  u s i n g  t h e  d a t a  f r o m  t h e  t w o  s u b j e c t s  a s  t w o  r e p l i c a t i o n s .  
The   summary   of   the   ana lys i s  i s  g i v e n   i n   T a b l e  I .  Of t h e  31 s o u r c e s  
of v a r i a n c e ,  o n l y  f o u r  of t h e   m a i n   v a r i a b l e s   a n d   o n e  of t h e  i n t e r -  
a c t i o n s  c o n t r i b u t e  e n o u g h  t o  b e  s t a t i s t i c a l l y  s i g n i f i c a n t .  
T h e  c h a n g e  i n  s h o r t - t e r m  memory c a p a c i t y  ( t h e  n u m b e r  of 
p o s i t i o n s  a v a i l a b l e )  w i t h  a m b i e n t  l i g h t  l e v e l  i s  shown i n  F i g u r e  4 ( a ) .  
S i n c e  a 5 0 0 - f o l d   i n c r e a s e  i n  t h e  a m b i e n t  l i g h t  l e v e l  o n l y  c a u s e s  a 
2 0 - p e r c e n t  c h a n g e  i n  memory c a p a c i t y ,  memory c a p a c i t y  i s  l a r g e l y  i n d e -  
p e n d e n t   o f   a m b i e n t   l i g h t   l e v e l .   C h a n g e s   w i t h   n e o n   l a m p   b r i g h t n e s s   a r e  
shown i n   F i g u r e  4 ( b ) .   A g a i n ,   t h e   i n c r e a s e d   c a p a c i t y ,   t h o u g h   s t a t i s -  
t i c a l l y   s i g n i f i c a n t ,  i s  s m a l l :  a s e v e n - f o l d   i n c r e a s e   i n   l a m p   b r i g h t n e s s  
p r o d u c i n g   o n l y  a 1 0 - p e r c e n t   i n c r e a s e   i n   c a p a c i t y .   T h e   c h a n g e s   d u e  t o  
1 2  
Table  I 
SUMMARY OF  ANALYSIS OF VARIANCE OF THE 
NUMBER OF POSITIONS PERCEIVED ON  EACH R O W  
S o u r c e  of 
V a r i a t i o n   F r e e d o m   S q u a s   S q u a r e s  
. . . . . . - - - . " - ~ ~ ~ . . .  ~~ 
D e g r e e s  of Sums of Mean 
1 = A m b i e n t   L i g h t  1 
2 = Lamp B r i g h t n e s s  1 
3 = D i s t a n c e  
4 = D u r a t i o n  
5 = R e s p o n s e  Row 
12 
1 3  
14 
15 
23 
24 
25 
34 
35 
45 
123 
124 
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134 
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145 
234 
235 
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345 
1234 
1235 
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1345 
2345 
12345 
W i t h i n  S u b j e c t s  
Between S u b j e c t s  
1 
3 
2 
1 
1 
3 
2 
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3 
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3 
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6 
1 
3 
2 
3 
2 
6 
3 
2 
6 
6 
3 
2 
6 
6 
6 
6 
95 
1 
13.07955 
3.47634 
0.24353 
5.33806 
8.52782 
0.52084 
0.07931 
1.07496 
1.27244 
0.33556 
3.11711 
0.96908 
0.84744 
0.34236 
1.04155 
0.00430 
2.10557 
0.49494 
0.49443 
1.00254 
1.49273 
1.01768 
1.04385 
1.22754 
1.13809 
0.30431 
0.22605 
1.66572 
1.97094 
1.31940 
1.72598 
36.27608 
4.85003 
13.07955 ** 
3.47634 ** 
0.24353 
1.77935 * 
4.26391 ** 
0.52084 
0.07981 
0.35832 
0.63622 
0.33556 
1.03904 * 
0.48454 
0.28248 
0.17118 
0.17359 
0.00430 
0.70186 
0.24747 
0.16481 
0.50127 
0.24879 
0.33923 
0.52193 
0.20459 
0.18968 
0.10144 
0.11303 
0.27762 
0.32849 
0.21990 
0.28766 
0.38185 
4.85003 ** 
- ~" . . 
* S i g n i f i c a n t  a t  t he  0 .05  l eve l .  
** S i g n i f i c a n t  a t  the 0.005 l e v e l .  
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FIGURE 4 EXPERIMENTAL RESULTS  AS A FUNCTION OF THE FOUR CONTROL 
VARIABLES  AND ALL OTHER  STATISTICALLY SIGNIFICANT VARIABLES 
t h e  d i s t a n c e  b e t w e e n  d i s p l a y  a n d  s u b j e c t  s h o w n  i n  F i g u r e  4 ( C )   a r e  
not s i g n i f i c a n t .  
T h e  l o g a r i t h m i c  c h a n g e  i n  t h e  n u m b e r  of p o s i t i o n s  
a v a i l a b l e  wi th  e x p o s u r e  d u r a t i o n  shown i n  F i g u r e  4 (d) i s  b e t t e r  ex- 
p l a i n e d  i n  t h e  i n t e r a c t i o n  b e t w e e n  l a m p  b r i g h t n e s s  a n d  d u r a t i o n  shown 
i n  F i g u r e  4 ( e ) .  Of the  t o t a l  v a r i a n c e   a t t r i b u t e d  t o  t h i s  i n t e r a c t i o n ,  
i h e  i n t e r a c t i o n  b e t w e e n  l i n e a r  l a m p  b r i g h t n e s s  a n d  l o g a r i t h m i c  d u r a t i o n  
a c c o u n t s   f o r  99.8 p e r c e n t  of t h e   t o t a l   v a r i a n c e .   F i g u r e  4 (e) shows 
t h a t  w i t h  t h e  l a m p s  " b r i g h t ,  " t h e r e  i s  n o  s i g n i f i c a n t  c h a n g e  w i t h  
e x p o s u r e  d u r a t i o n  b u t  w i t h  t h e  l a m p s  d i m  t h e r e  i s  a l o g a r i t h m i c  c h a n g e  
o f  1 . 3  p o s i t i o n s  a v a i l a b l e  f o r  e a c h  d e c a d e  i n c r e a s e  i n  d u r a t i o n .  
C h o o s i n g  t h e  ' ' l a m p s  b r i g h t "  c o n d i t i o n  i n  f u t u r e  e x p e r i m e n t s  m a k e s  i t  
p o s s i b l e  t o  m e a s u r e   t h e   n u m b e r   o f   p o s i t i o n s   a v a i l a b l e ,   i n d c p e n d e n t  of 
c s p o s u r e  d u r a t i o n s  i n  t h e  10-to-333-ms r a n g e .  
I n d i v i d u a l  d i f f e r e n c e s  b e t w e e n  t h e  s u b j e c t s  a r e  best 
shown i n  F i g u r e  4 ( f )  . Here t h e  r e s u l t s  of t h e  two s u b j e c t s  i n  r e p o r t i n g  
f r o m   t h e  three rows of l i g h t s  p r o b a b l y  i n d i c a t e  d i f f e r i n g  s t r a t e g i e s .  
I f  S u b j e c t  LH f i x a t e d  o n  t h e  t o p  row of l i g h t s  a n d   S u b j e c t  PC f i x a t e d  
on t h e  f i x a t i o n  p o i n t  i n  t h e  m i d d l e  row, t h e s e  r e s u l t s  c o u l d  h a v e  b e e n  
o b i a i n e d .   S i g n i f i c a n t   d i f f e r e n c e s   b e t w e e n   t h e  t w o  s u b j e c t s   a r e  a l s o  
shown i n  F i g u r e  4 ( b )  , w h e r e  S u b j e c t  L H ' s  p e r f o r m a n c e  d o e s  n o t  c h a n g e  
w i t h  b r i g h t n e s s ,  w h i l e  S u b j e c t  P C ' s  p e r f o r m a n c e  d o e s .  
e ,  D i s c u s s i o n  
T h e   r e l a t i v e   i n d e p e n d e n c e  of v isua! .   shor t - te rm memory 
f o r  d o t  p a t t e r n s  m e a s u r e d  i n  t h i s  e x p e r i m e n t  s t r o n g l y  s u g g e s t s  t h a t  
c e n t r a l  a n d   n o t   p e r i p h e r a l   f a c t o r s   a r e   l i m i t i n g   p e r f o r m a n c e .   T h e   r e s u l t s  
of t h i s  e x p e r i m e n t  a r e  s i m i l a r  t o  t h o s e  p r e v i o u s l y  f o u n d  i n  a n  e x p e r i -  
men t   measu r ing   t he   span  of a t t e n t i o n  f o r  d o t  p a t t e r n s  ( B l i s s ,  H i l l ,  
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and  Wilber ,  1968, S e c t i o n  V I ) .  T h e   v i s u a l   s p a n  of immedia te  memory 
d i d   n o t   d e p e n d   o n   l a m p   b r i g h t n e s s ,   a m b i e n t   b r i g h t n e s s ,  or d i s p l a y  
d i s t a n c e   ( o v e r  the 3 0 - t o - 9 0 - i n c h   r a n g e )   i n   t h a t   e x p e r i m e n t .   S i n c e   t h e  
p r e s e n t   e x p e r i m e n t  i s  a b o u t  twice a s  s e n s i t i v e  a s  t h e  a b o v e - m e n t i o n e d  
e x p e r i m e n t  i n  d e t e r m i n i n g  s i g n i f i c a n t  d i f f e r e n c e s ,  some v a r i a b l e s  
e m e r g e d   t h a t  were n o t  s i g n i f i c a n t  i n  t h e  p r e v i o u s  e x p e r i m e n t .  
B o t h  e x p e r i m e n t s  s h o w e d  s i m i l a r  l o g a r i t h m i c  c h a n g e s  i n  
p e r f o r m a n c e   w i t h   p a t t e r n   d u r a t i o n .   I n   t h e   p r e v i o u s   e x p e r i m e n t ,   i n t e r -  
a c t i o n s  c o u l d  n o t  b e  m e a s u r e d  a n d  t h e  i n t e r e s t i n g  r e s u l t  shown i n  F i g u r e  
4 (e )  c a n n o t   b e   c o m p a r e d .  I n  g e n e r a l ,   b o t h   v i s u a l   s h o r t - t e r m  memory 
c a p a c i t y   ( m e a s u r e d   u s i n g   t h e   p a r t i a l   r e p o r t   m e t h o d )   a n d   t h e   v i s u a l   s p a n  
of   immedia te  memory f o r  d o t  p a t t e r n s  ( m e a s u r e d  u s i n g  t h e  w h o l e - r e p o r t  
m e t h o d )   d e p e n d   o n   t h e   v i s u a l   s t i m u l u s   p a r a m e t e r s  i n  t h e  same  way. 
T h i s  s i m i l a r i t y  i n d i c a t e s  t h a t  a memory m o d e l  d e v e l o p e d  f o r  v i s u a l  d o t  
p a t t e r n s  w o u l d  be i n d e p e n d e n t  o f  d i s p l a y  c o n d i t i o n s  and  would  measure 
c e n t r a l  i n f o r m a t i o n - p r o c e s s i n g  l i m i t a t i o n s .  
C .  E x p e r i m e n t   P 3 :   V i s u a l   a n d   T a c t i l e   S h o r t - T e r m  Memory f o r  Dot 
P a t t e r n s  M e a s u r e d  b y  Two D i f f e r e n t  M e t h o d s  
1. Background 
A l l  p r e v i o u s  e x p e r i m e n t s  c a r r i e d  o u t  i n  t h i s  l a b o r a t o r y  t o  
m e a s u r e  t a c t i l e  and v i s u a l  s h o r t - t e r m  memory p a r a m e t e r s   h a v e   u s e d   t h e  
s a m e   r e p o r t i n g   m e t h o d .   S u b j e c t s  were a s k e d   t o   r e p o r t   o n e  row ( c o n t a i n i n g  
f o u r   s t i m u l a t e d   p o s i t i o n s )   f r o m  a t o t a l  o f  t h r e e  r o w s  c o n t a i n i n g  1 2  
s t i m u l a t e d   p o s i t i o n s .   I n   o r d e r   t o  see w h e t h e r  a d i f f e r e n t   r e p o r t i n g  
m e t h o d  w o u l d  y i e l d  d i f f e r e n t  c a p a c i t i e s  f o r  t h e  s h o r t - t e r m  memory 
p a r a m e t e r s ,   a n   e x p e r i m e n t   r e q u i r i n g   o n l y  t w o  r e s p o n s e s   f r o m   t h e   1 2 -  
p o i n t   p a r t i a l - r e p o r t   p a t t e r n s  w a s   d e s i g n e d   a n d   c a r r i e d   o u t .   A c c o r d i n g  
t o  t h e  r e s u l t s  o f  S p e r l i n g  ( 1 9 6 0 ) ,  t h e  s i z e  o f  t h e  s h o r t - t e r m  memory 
1 6  
€or le t ters  does   no t   depend   on  the number of letters u s e d  i n  t h e  
r e s p o n s e  a s  l o n g  a s  t h i s  number i s  less t h a n   t h e   s p a n   o f   a p p r e h e n s i o n  
( M i l l e r ,  1956). T h e   t a c t i l e  and v i s u a l   d o t   p a t t e r n   r e s u l t s   w i t h  t w o  
and f o u r  r e s p o n s e s  r e p o r t e d  h e r e ,  h o w e v e r ,  s h o w  t h a t  memory c a p a c i t y  
depends   on   t he   number   o f   r e sponses .  
I n  a d d i t i o n  t o  the u s u a l  g u e s s i n g  c o r r e c t i o n  of t h e  
p r e v i o u s  e x p e r i m e n t s ,  a new method of s c o r i n g   w a s   u s e d  i n  t h e s e  
expe r imen t s .   The   number  of p e r f e c t   t w o - p o s i t i o n   r e s p o n s e s   w a s   u s e d  t o  
m e a s u r e   t h e   s u b j e c t ' s   p e r f o r m a n c e .   S i n c e   t h e   g u e s s i n g   p r o b a b i l i t y  for 
such  a r e s p o n s e  i s  o n l y  1/6 compared t o  1 / 2  f o r  t h e  p r e v i o u s  m e a s u r e ,  
a w i d e  r a n g e  of p e r f o r m a n c e  w a s  a v a i l a b l e  w i t h o u t  a g u e s s i n g  c o r r e c t i o n .  
T h e  r e l a t i o n  b e t w e e n  t h e s e  two  measures   was  s tudied  and i t  was  found 
t h a t  t h e  n u m b e r   o f   p e r f e c t   p a t t e r n s   c o u l d   b e   p r e d i c t e d   f r o m   t h e   n u m b e r  
of p o s i t i o n s   p e r c e i v e d   ( a n d   v i c e   v e r s a )  . The   p rev ious   mode l ,   wh ich  
m e a s u r e d   p e r f o r m a n c e   b a s e d   o n   t h e  sum of i n d e p e n d e n t l y  p e r c e i v e d  
p o s i t i o n s ,  was t h e r e f o r e  f u r t h e r  s u b s t a n t i a t e d .  
a .   A p p a r a t u s  
T h e   e x p e r i m e n t   w a s   c a r r i e d   o u t   u n d e r   c o n t r o l  of a 
LINC-8 c o m p u t e r   s y s t e m ,   w h i c h   w a s   u s e d   t o   s t o r e   s t i m u l u s   p a t t e r n s   a n d  
t h e   s e q u e n c e   i n   w h i c h   t h e   p a t t e r n s  were t o   b e   p r e s e n t e d .   T h e   c o m p u t e r  
i n t e r f a c e  w a s  c o n n e c t e d  e i t h e r  t o  a n  a r r a y  of 24 a i r j e t  t a c t i l e  
s t i m u l a t o r s  or t o  t h e  v i s u a l  d i s p l a y  b o x  d e s c r i b e d  i n  E x p e r i m e n t  P 1  
and  shown i n  F i g u r e  1. T h e  a i r j e t  a r r a y  shown i n  F i g u r e  5 had  one 
s t i m u l a t o r  f o r  e a c h  o f  t h e  2 4  p h a l a n g e s  of t h e  f i n g e r s  ( t h u m b s  e x c l u d e d ) ,  
wh ich  were l a b e l e d  for r e p o r t i n g  a s  i n d i c a t e d  i n  F i g u r e  6 .  D u r i n g   t h e  
e x p e r i m e n t ,   t h e   p a l m a r   s i d e s   o f  the f i n g e r s  were suspended   about  1/8 
i n c h   a b o v e   t h e   a i r j e t   s t i m u l a t o r s .   T h e   s u b j e c t s '  arms were s u p p o r t e d  
f rom wrist t o  e l b o w ,   p e r m i t t i n g   t h e   h a n d s  t o  b e   s u s p e n d e d   i n   t h i s  
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m a n n e r   o v e r   e x t e n d e d   p e r i o d s   w i t h o u t   f a t i g u e .   E a c h   s u b j e c t   h a d   h i s  
own set  of a i r j e t  s t i m u l a t o r s ,  w h i c h  w a s  i n i t i a l l y  a d j u s t e d  t o  h i s  h a n d s  
and  never  reset  u n l e s s  h e  r e q u e s t e d  t h a t  a p a r t i c u l a r  j e t  b e  r e a d j u s t e d .  
The a i r j e t s  s i m u l t a n e o u s l y  s t i m u l a t e d  n ( n  = 2 or n = 12) p h a l a n g e s  of 
t h e   f i n g e r s .  When a c t i v a t e d ,   e a c h  j e t  p u l s a t e d   a t  200 H z  f o r  100 m s ,  
p r o d u c i n g  20 p u l s e s  of 2 . 5  m s  d u r a t i o n   a n d  of abou t  1 . 5  p s i   p e a k   p u l s e  
p r e s s u r e .  
b .   S u j e c t s  
Two c o l l e g e   s t u d e n t s   s e r v e d   a s   p a i d   s u b j e c t s .   B o t h  
s u b j e c t s  h a d  m o r e  t h a n  e i g h t  h o u r s '  e x p e r i e n c e  on s i m i l a r  v i s u a l  
t a s k s ,  b u t  n e i t h e r  h a d  e x p e r i e n c e  on s i m i l a r  t a c t i l e  t a s k s .  
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c . P r o c e d u r e  
T h e  t e s t i n g  s c h e d u l e  f o r  b o t h  t h e  v i s u a l  a n d  t a c t i l e  
p a r t s  of t h e   e x p e r i m e n t s   c o n s i s t e d   o f  two p a r t s :  a t r a i n i n g   p e r i o d  
f o l l o w e d   b y  a t e s t i n g   p e r i o d .   I n   t h e   t r a i n i n g   p a r t   o f   e a c h   e x p e r i m e n t  
t h e   s e s s i o n   c o n s i s t e d   o f  36 t r i a l s ,  a n d   e a c h   t r i a l   c o n s i s t e d   o f  a 
p r e s e n t a t i o n   o f   t w o   p o s i t i o n s   p l a c e d   r a n d o m l y   i n   t h e   a r r a y s .   T h e  
t r a i n i n g  p r o c e d u r e  w a s  t h e  s a m e  d e s c r i b e d  i n  E x p e r i m e n t  P 1  e x c e p t  t h a t  
t r a i n i n g  s e s s i o n s  were c o n t i n u e d  u n t i l  90 p e r c e n t  o f  t h e  t r i a l s  o f  a 
g i v e n   s e s s i o n  were p e r f e c t l y   r e p o r t e d .   D u r i n g   t h e   t a c t i l e   e x p e r i m e n t  
a c o p y  o f  F i g u r e  6 w a s  b e f o r e  t h e  s u b j e c t s  t o  f u r n i s h  t h e m  w i t h  t h e  
r e p o r t i n g  a l p h a b e t .  
I n  t h e   t e s t i n g   p a r t   o f   t h e   e x p e r i m e n t ,   e a c h   t r i a l  
c o n s i s t e d   o f  a p r e s e n t a t i o n   o f  12 p o s i t i o n s ,  two p l a c e d   r a n d o m l y  i n  
e a c h   o f   t h e  s i x  h a l f - r o w s   o f   t h e   a r r a y s .   T h u s ,   t h e r e  were t h r e e  i n -  
d e p e n d e n t l y  g e n e r a t e d  ramdom s u b p a t t e r n s  i n  e a c h  h a l f  o f  t h e  a r r a y .  
T h e   t e s t i n g   s c h e d u l e   c o n s i s t e d   o f  a series o f   1 2  tes t  s e s s i o n s ,   o f  
w h i c h   t h e   f i r s t   t h r e e ,   t h e   5 t h   t h r o u g h   7 t h ,   a n d   9 t h   t h r o u g h   l l t h ,  
r e q u i r e d  a p a r t i a l   r e p o r t   o f   t h e   p a t t e r n s   a n d   t h e   4 t h ,   8 t h ,  and 1 2 t h  
r e q u i r e d  a w h o l e   r e p o r t   o f   t h e   p a t t e r n s .   E a c h   o f   t h e   t e s t i n g   s e s s i o n s  
c o n s i s t e d   o f  36 t r i a l s .  
B o t h  t h e  w h o l e - a n d  p a r t i a l - r e p o r t i n g  m e t h o d s  a r e  t h e  
same a s  t h o s e  d e s c r i b e d  i n  E x p e r i m e n t  P 1  except t h a t  i n  t h e  p a r t i a l -  
r e p o r t   e x p e r i m e n t   t h e   t o n e   f r e q u e n c y   w a s   e i t h e r   4 0 0 0 ,  1000, or 250 Hz, 
d e s i g n a t i n g   r e s p e c t i v e l y   t h e   t o p ,   m i d d l e ,  or bot tom row, and  was  from 
e i t h e r  t h e  l e f t  or r i g h t  e a r p h o n e ,  d e s i g n a t i n g  r e s p e c t i v e l y  t h e  l e f t  
o r  r i g h t   h a l f   o f   t h e   r o w .   S u b j e c t s  were a s k e d   t o   r e p o r t   t h e   p o s i t i o n s  
o f   t h e   m a r k e d   h a l f - r o w   u s i n g   t h e   a l p h a n u m e r i c   r e p o r t   a l p h a b e t .  A 
t y p i c a l  v e r b a l  r e s p o n s e  w o u l d  b e  2 A C .  
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d . A n a l  y s i  s 
Two d i f f e r e n t  m e t h o d s  were u s e d  t o  a n a l y z e  t h e  d a t a  of 
t h e   e x p e r i m e n t s .   T h e  f irst  is  the number of c o r r e c t l y   r e p o r t e d  two- 
p o s i t i o n  p a t t e r n s  i n  t h e  t r a i n i n g  e x p e r i m e n t  a n d  t h e  n u m b e r  of c o r r e c t l y  
r e p o r t e d  t w o - p o s i t i o n  h a l f - r o w s  i n  the w h o l e -  a n d  p a r t i a l - r e p o r t  
t e s t i n g   e x p e r i m e n t s .   T h e s e   t w o - p o s i t i o n   p a t t e r n s  a r e  c o u n t e d  correct 
o n l y  i f  b o t h  p o s i t i o n s  a r e  r e p o r t e d  i n  t h e i r  correct  l o c a t i o n s .   T h e  
c h a n c e  of a s u c c e s s f u l  g u e s s  i s  o n l y  1/6 i n  t h e  t e s t i n g  e x p e r i m e n t s  
s i n c e  t h e r e  a r e  6 p o s s i b l e  t w o - p o s i t i o n  p a t t e r n s  i n  e a c h  h a l f  - r o w .  
The   second  method  used  i s  t h e  number of p o s i t i o n s  
p e r c e i v e d ,   w h i c h   h a s   b e e n   d e s c r i b e d   i n  H i l l  and B l i s s   ( 1 9 6 8 )  . The 
number of p o s i t i o n s  p e r c e i v e d  i s  the   number  of p o s i t i o n s  c o r r e c t l y  
l o c a t e d ,   c o r r e c t e d  f o r  g u e s s i n g .   S i n c e   t h e   c h a n g e  of a co r rec t  g u e s s  
w i t h   t h e   1 2 - p o s i t i o n   p a t t e r n s  i s  1 /2 ,   t he   need  f o r  t h e  g u e s s i n g  cor -  
r e c t i o n  i s  o b v i o u s .  
2 .   R e s u l t s  
T h e   v i s u a l   e x p e r i m e n t   w a s   c o m p l e t e d  f i r s t  and t h e  t a c t i l e  
expe r imen t   s econd  f o r  b o t h  of t h e  tes t  s u b j e c t s .   T h e   r e s u l t s  of t h e  
v i s u a l  a n d  t a c t i l e  t r a i n i n g  s e s s i o n s  for b o t h  s u b j e c t s  a r e  shown i n  
F i g u r e  7. T h e   m a i n   d i f f e r e n c e s   b e t w e e n   t h e  two m o d a l i t i e s  a r e  t h e  
lower i n i t i a l  r e p o r t i n g  a c c u r a c y  a n d  t h e  l o n g e r  time n e c e s s a r y  t o  
r e a c h  t h e  r e q u i r e d  90 p e r c e n t  correct  r e s p o n s e  l e v e l  w i t h  t h e  t a c t i l e  
p r e s e n t a t i o n s .   T h e   g r e a t e r   l e a r n i n g   i n   t h e   t a c t i l e   t r a i n i n g   e x p e r i m e n t  
i s  v e r y  s imi l a r  t o  t h a t  p r e v i o u s l y  o b t a i n e d  b y  B l i s s  ( 1 9 6 6 )  a n d  
a t t r i b u t e d  t o  i n e x p e r i e n c e  u s i n g  t h e  t a c t i l e  m o d a l i t y  t o  p e r c e i v e  
p a t   t e r n s .  
T h e  r e s u l t s  of t h e  m a i n  e x p e r i m e n t s  a r e  shown i n  F i g u r e  8.  
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FIGURE 7 RESULTS OF THE  TRAINING  EXPERIMENTS 
Here the t w o  methods  of m e a s u r i n g   s u b j e c t   p e r f o r m a n c e   a r e   s h o w n   s i d e -  
b y - s i d e  f o r  compar i son .   These  two m e a s u r e s   a r e   s i m i l a r ,   e x c e p t  when 
pe r fo rmance  i s  n e a r   t h e   g u e s s i n g   l e v e l .   I n   t h i s   c a s e   t h e   g u e s s i n g  
l e v e l  i s  t h e  lower  limit o f   t h e   n u m b e r   o f   p e r f e c t l y   r e p o r t e d   p a t t e r n s  
and   per formance  grows w i t h  t h e  h e i g h t  a b o v e  t h e  g u e s s i n g  l e v e l  r a t h e r  
t han   above  ze ro .  T h e   d a t a  of t h e   p a r t i a l - r e p o r t   e x p e r i m e n t s  i s  t h e  
i n f o r m a t i o n  a v a i l a b l e  t o  t h e  s u b j e c t s ;  t h a t  of t h e  w h o l e - r e p o r t  ex- 
p e r i m e n t s  i s  t h e  i n f o r m a t i o n  c o r r e c t .  T h i s   d i f f e r e n c e   b e t w e e n   t h e s e  
two m e a s u r e s   a s   e x p l a i n e d   b y   S p e r l i n g  (1960) i s  t h a t  t h e  i n f o r m a t i o n  
a v a i l a b l e  i s  o b t a i n e d   b y   m u l t i p l y i n g   t h e   n u m b e r  of p o s i t i o n s  ( o r  
p a t t e r n s )   c o r r e c t l y   r e p o r t e d   i n   t h e   p a r t i a l   r e p o r t   e x p e r i m e n t s   b y   t h e  
n u m b e r   o f   s i m u l t a n e o u s l y   p r e s e n t e d   p a t t e r n s .   S i n c e   t h e r e  were s i x  
s u b p a t t e r n s  t h a t  c o u l d  h a v e  b e e n  d e s i g n a t e d  b y  t h e  m a r k e r  t o n e  a f t e r  
t h e  s t i m u l u s  p a t t e r n  t e r m i n a t e d ,  t h e  m u l t i p l i c a t i o n  f a c t o r  i n  t h i s  
c a s e  i s  s i x .  
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The relationship  between  the  two  measures is better  shown in 
Figure 9, which  shows the results of each  partial-report  session  plotted 
in terms of the  two measures  obtained  from it. The theoretical curves 
in Figure 9 represent  predictions based  on  equal  probabilities  of  per- 
ceiving  the  two  positions  of  each  subpattern  and  constant  correlation 
coefficient p /a a between  the  two  probabilities.  Noise in the 
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d a t a  i s  d u e  t o  a v e r a g i n g  t h e  r e s u l t s  of a l l  s i x  s u b p a t t e r n s ,  some of 
which a r e  c o n s i s t e n t l y  r e p o r t e d  more a c c u r a t e l y ,   a n d  some less a c c u r a t e l y .  
T h e  d a t a  f i t  t h e  i n d e p e n d e n t  c a s e  ( p  = 0 )  f a i r l y  w e l l ,  b u t  a re  be t te r  
f i t t e d  b y  a s l i g h t l y  p o s i t i v e  c o r r e l a t i o n ,  p = 0.1 .  A p o s i t i v e  corre-  
l a t i o n  b e t w e e n  t h e  t w o  p o s i t i o n s  i n d i c a t e s  t h a t  more p a t t e r n s  a r e  
e i t h e r  t o t a l l y  correct  o r  t o t a l l y  w r o n g  t h a n  p r e d i c t e d  from i n d e p e n -  
d e n t   l y   p e r c e i v e d   p o i n t s .  
One of t h e  m a i n  r e a s o n s  f o r  c o n d u c t i n g  t h i s  e x p e r i m e n t  w a s  
t o  c o m p a r e ' t a c t i l e   a n d   v i s u a l   s h o r t - t e r m  memory,  and a n o t h e r   r e a s o n  
was t o  compare   sho r t - t e rm memory o b t a i n e d   w i t h   b o t h   t w o -   a n d   f o u r -  
p o i n t   s u b p a t t e r n s .   T h e   d a t a   n e c e s s a r y  t o  make t h e s e   c o m p a r i s o n s   h a v e  
b e e n   g a t h e r e d   i n   T a b l e  11. A l l  of t h e  d a t a  a r e  i n  terms o f   p o s i t i o n s  
p e r c e i v e d   i n s t e a d  of t h e   n u m b e r   o f   p e r f e c t   s u b p a t t e r n s .   T b e   w h o l e -  
a n d   p a r t i a l - r e p o r t   c a p a c i t i e s   o f   t h e   p r e s e n t   e x p e r i m e n t s   s h o w n  i n  
t h e  u p p e r  p o r t i o n  of T a b l e  I1 a r e  s i g n i f i c a n t l y  d i f f e r e n t  ( p  < . 001) ,  
i n d i c a t i n g  t h e  p r e s e n c e  o f  a s h o r t - t e r m  memory f o r  b o t h  m o d a l i t i e s .  
T h e s e  r e s u l t s  a l s o  h o l d  when the   number  of p e r f e c t  p a t t e r n s  i s  used  
a s   t h e   p e r f o r m a n c e   m e a s u r e .  
U s i n g   T a b l e  11, t h e   p r e v i o u s   e x p e r i m e n t s   w i t h   4 - p o i n t   s u b -  
p a t t e r n s  and t h e   c u r r e n t   e x p e r i m e n t s   w i t h   2 - p o i n t   s u b p a t t e r n s   c a n   a l s o  
b e   c o m p a r e d .   T a b l e  I1 s h o w s   t h a t   w i t h   e a c h   m o d a l i t y ,   t h e   w h o l e - r e p o r t  
c a p a c i t i e s  f o r  b o t h  t w o -  a n d   f o u r - p o i n t   s u b p a t t e r n s   a r e   a b o u t   t h e   s a m e .  
T h e  p a r t i a l - r e p o r t  c a p a c i t i e s  f o r  t h e  t w o - p o s i t i o n  s u b p a t t e r n s  a r e  bo th  
h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  c a p a c i t i e s  f o r  t h e  f o u r - p o s i t i o n  s u b -  
p a t t e r n s .   T h i s   i n c r e a s e   i n   p a r t i a l - r e p o r t   c a p a c i t y   w i t h   t h e   s m a l l e r  
s u b p a t t e r n s  a c c o u n t s  f o r  t h e  l a r g e r  p e r c e n t a g e w i s e  i n c r e a s e s  f o r  t h e s e  
p a t t e r n s  shown i n  T a b l e  1 1 .  T h i s   c h a n g e   i n   s h o r t - t e r m  memory c a p a c i t y  
wi th   number  of p o s i t i o n s  i s  d i f f e r e n t  f r o m  t h a t  n o t e d  f o r  v i s u a l  l e t t e r  
p r e s e n t a t i o n s  b y  S p e r l i n g  ( 1 9 6 0 ) ,  who f o u n d  t h a t  s h o r t - t e r m  memory 
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M o d a l i t y  
* 
T a c t i l e  
V i s u a l  
t 
Tac t i  l e  
T a c t i l e  
V i s u a l  
V i s u a l  
§ 
** 
T .t 
V i  s u a 1  88 
T a b l e  I1 
SUMMARY OF SHORT-TERM  EMORY  DATA 
P o i n t s  i n  
S u b p a t t e r n  
2 
2 
Whole-Report 
C a p a c i t y  
3.36 
4 . 8 4  
3 .3  
3 . 4  
5 . 9  
4.38 
P a r t i a l - R e p o r t  
C a p a c i t y  
5.35 
8 .24  
4 . 9  
5 .O 
5.61 
7 . 7  
P e r c e n t a g e  
I n c r e a s e  
~~ 
59 
70 
4 9  
4 7  
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* 
D a t a   f r o m   S u b j e c t  LH o n l y ,  s i n c e  s u b j e c t  PC d i d  n o t  f i n i s h  
e x p e r i m e n t .  
' H i l l  a n d  B l i s s  ( 1968) . 
' B l i s s ,  H i l l ,  and Wilber ( 1 9 6 8 ) ,   p a g e   9 2 .  
B l i s s ,  H i l l ,  a n d  W i l b e r  ( 1968), page  97 .  
** 
' + B l i s s  (1969) . 
" B l i s s ,  H i  11, and Wilber ( 1969) . 
e s t i m a t e s   d i d   n o t   d e p e n d  o n  t h i s   n u m b e r .   T h i s   d e p e n d e n c e  i s  s i m i l a r  
t o  t h e  w h o l e - r e p o r t   r e s u l t  of H i l l  and B l i s s  (1968) ,  who  showed t h a t  
t h e  s p a n  of a p p r e h e n s i o n  f o r  these p a t t e r n s  was n o t  f i x e d ,  b u t  was 
d i r e c t l y  p r o p o r t i o n a l  t o  the number of p o s i t i o n s  p r e s e n t e d .  
To f i n d  the s t a t i s t i c a l l y  s i g n i f i c a c t  p o r t i o n s  of t h e  ex- 
p e r i m e n t s ,   a n a l y s e s  of v a r i a n c e  were pe r fo rmed   on  the number of p e r f e c t  
p a i t e r n s  from bo th  t h e   w h o l e -   a n d   p a r t i a l - r e p o r t   r e s u l t s .   S i n c e  one 
s u b j e c t  d i d  n o t  f i n i s h  t h e  l a s t  t h i r d  of t h e   t a c t i l e   e x p e r i m e n t ,   o n l y  
t h e  r e s u l t s  of the f i r s t  two t h i r d s  ( f i r s t  e i g h t  s e s s i o n s )   a r e   i n c l u d e d  
i n  t he  a n a l y s e s   t h a t  a r e  summarized i n   T a b l e s  I11 and I V .  B e s i d e s  t h e  
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T a b l e  I11 
SUMMARY OF ANALYSIS OF VARIANCE OF THE  NUMBER 
OF PERFECT PATTERNS I N  THE PARTIAL REPORT 
- 
D F  
1 
1 
2 
1 
1 
2 
1 
2 
1 
2 
2 
1 
2 
2 
2 
120 
. .  
~- 
Mean S q u a r e  
1.778 
75.111 
15 .396  
4 .ooo 
1.361 
9 . 3 8 2  
4 . 6 9 4  
3 .840  
1 . 3 6 1  
.27  1 
.632  
11.111 
4 .007  
4 .215  
4 .257  
1.755 
F R a t i o  
- 
4 2 . 9  
t 
8.79 
2 . 2 8  
+ 
- 
5 . 3 5  
2 . 6 8  
2 .19  
* 
- 
- 
- 
* 
6 . 3 5  
2 . 2 8  
2 . 4 1  
2 . 4 3  
S i g n i f i c a n t   a t   t h e  .05 l e v e l .  
S i g n i f i c a n t   a t   t h e   . 0 0 5   l e v e l .  ? 
m o d a l i t y  d i f f e r e n c e s  t h a t  h a v e  a l r e a d y  b e e n  d i s c u s s e d ,  t h e  o t h e r  most 
s i g n i f i c a n t  v a r i a b l e  i n  t h e  e x p e r i m e n t  i s  t h e  row o f   t h e   r e s p o n s e .  
The   dependence   be tween row a n d   s u b j e c t ,   w h i c h  i s  s i g n i f i c a n t  i n  b o t h  
w h o l e -   a n d   p a r t i a l - r e p o r t   p a r t s   o f   t h e   e x p e r i m e n t ,  i s  shown i n  F i g u r e  
10. T h e   p r i m a r y   d i f f e r e n c e   b e t w e e n   t h e   s u b j e c t s  i s  (1) t h a t   i n   t h e  
p a r t i a l  r e p o r t  S u b j e c t  PC p e r f o r m s  best  o n   t h e   m i d d l e  row, w h i l e  
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T a b l e  I V  
SUMMARY O F  ANALYSIS OF VARIANCE OF THE NUMBER 
OF PERFECT  PATTERNS I N  THE  WHOLE  REPORT 
S u b j e c t s  ( S )  
M o d a l i t y  (M) 
Row ( R) 
Hal f  (H) 
S Y M  
S X R  
s y H 
S X M Y R  
S Y M X H  
S X R Y H  
M x R x H  
S X M X R X H  
W i t h i n  R e p l i c a t i o n s  
1 
1 
2 
1 
1 
2 
1 
2 
1 
2 
2 
1 
2 
2 
2 
24 
Mean S q u a r e  
P a t t e r n s  C o r r e c t  
1 7 . 1 8  
38 .02  
97.76 
7 5 . 5 1  
28 .52  
71 .68  
1 . 6 8  
52 .64  
5 .02  
5 . 3 9  
4 .14  
31 .68  
1 2 . 5 6  
6 . 2 7  
26 .68  
4 . 5 7  
3 .76  
8 . 3 2  
f 
t 
* 
2 1 . 4  
1 6 . 6  
* 
6 .24  
t 1 5 . 7  
- 
t 
1 1 . 5  
1 . 1 0  
1.18 
- 
6 .94  
2 .74  
1 . 3 7  
5 . 8 5  
* 
* 
* 
S i g n i f i c a n t   a t   t h e   . 0 5   l e v e l .  
' S i g n i f i c a n t   a t   t h e   . 0 0 5   l e v e l .  
S u b j e c t  LH d o e s   b e s t   o n   t h e   t o p  row  and ( 2 )  t h a t  i n  t h e   w h o l e   r e p o r t  
S u b j e c t  LH p e r f o r m s   b e t t e r  on t h e   t o p  row. The  dependence   be tween 
response   row  and   modal i ty ,   which  i s  o n l y  s i g n i f i c a n t  i n  t h e   w h o l e  
r e p o r t ,  i s  shown i n  F i g u r e  11. T h e   f i g u r e   s h o w s   t h a t   t a c t i l e   p e r -  
formance  i s  near   chance   on   the   bo t tom  two rows f o r  S u b j e c t  PC. 
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FIGURE 70 AVERAGE  VISUAL  AND  TACTILE 
PERFORMANCE  OF  THE TWO 
SUBJECTS AS A  FUNCTION OF ROW 
D .  C o n c l u s i o n s  
T h r e e  e x p e r i m e n t s  a r e  d e s c r i b e d  t h a t  m e a s u r e  t h e  p e r c e p t i o n  of 
v i s u a l  a n d  t a c t i l e  d o t  p a t t e r n s  p r e s e n t e d  w i t h  a 3 X 8 m a t r i x  of v i s u a l  
or t a c t i l e   s t i m u l a t o r s .  By p r o v i d i n g   a n   a u d i t o r y ,   i n s t e a d   o f   v i s u a l ,  
m a r k e r  f o r  t h e  p a r t i a l  r e p o r t  i n  E x p e r i m e n t  P1, a s m a l l  b u t  s i g n i f i c a n t  
s h o r t - t e r m  memory  was f o u n d  c o m p a r a b l e  i n  s i z e  w i t h  p r e v i o u s l y  m e a s u r e d  
t a c t i l e   s h o r t - t e r m  memory.  Experiment P2 s h o w s   t h a t   t h i s   v i s u a l  memory 
i s  r e l a t i v e l y  i n d e p e n d e n t  of s t i m u l u s   b r i g h t n e s s ,   b a c k g r o u n d   b r i g h t n e s s ,  
a n d   p a t t e r n  s ize ,  b u t   d e p e n d s   o n   s t i m u l u s   d u r a t i o n   i n   t h e   s a m e  way t h a t  
t a c t i l e  memory d o e s .   T h e s e   r e s u l t s  of Exper imen t  P2 s u g g e s t   t h a t   v i s u a l  
s h o r t - t e r m  memory i s  a c e n t r a l ,  r a t h e r  t h a n  a p e r i p h e r a l  (or r e t i n a l )  
l i m i t a t i o n .   C o m p a r i s o n  of the r e s u l t s  o f  Exper imen t  P2 w i t h   t h e  
s i m i l a r ,  p r e v i o u s  t a c t i l e  r e s u l t s  sugges ts  t h a t   t h e   s h o r t - t e r m  memory 
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FIGURE 11 AVERAGE PERFORMANCE OF THE TWO SUBJECTS 
AS A FUNCTION OF RESPONSE  ROW AND  MODALITY 
b e i n g   m e a s u r e d   r e s i d e s   i n   a n   a r e a  common t o  both v i s u a l   a n d  t a c t i l e  
m o d a l i t i e s !  
Expe r imen t  P3  m c a s u r c s  short-term memory  and t h e  s p a n  of a p p r e -  
h c n s i o n  f o r  1 2 - p o s i t i o n  p a t t e r n s  d i v i d e d  i n t o  s i x  s u b p a t t e r n s  i n s t e a d  
of t h r e c .   T h i s   c h a n g e   r e d u c e s   t h e  s i z e  o f  the p a r t i a l - r e p o r t   r e s p o n s e  
Irom f o u r  t o  two p o s i t i o n s ,   b u t   l e a v e s  the w h o l e - r e p o r t   r e s p o n s e   u n -  
changecl a t  12 p o s i t i o n s .   T h e   s p a n  of a t t e n t i o n   m e a s u r e d   w i t h  12- 
p o s i t i o n  p a t t e r n s  i s  t h e  same a s   p r e v i o u s l y   m e a s u r e d ,   b u t  t h e  s h o r t -  
term memory c a p a c i t y  w i t h  t w o - p o s i t i o n  p a t t e r n s  i s  l a r g e r  t h a n  p r e -  
v i o u s l y   m e a s u r e d .   T h i s  i s  d i f f e r e n t  from S p e r l i n g ' s  (1960) r e s u l t   w i t h  
l e t t e r s  a n d  i n d i c a t e s  t h a t  d o t - p a t t e r n  memory c a p a c i t i e s   d e p e n d   o n   t h e  
s i z e  o f  the r e s p o n s e  f o r  b o t h  m o d a l i t i e s .  
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111 TELEOPERATOR STUDIES 
The in fo rma t ion  conveyed  by  t ac t i l e  f e e d b a c k  can b e  o f  t w o  b a s i c  
t y p e s .  One i s  k i n e s t h e t i c ,  or o v e r a l l   f o r c e   f e e d b a c k ,   w h e r e   t h e   f o r c e  
o n  t h e  o p e r a t o r ' s  h a n d  i s  p r o p o r t i o n a l  t o  t h e  o v e r a l l  f o r c e  o n  t h e  c o r r e s -  
p o n d i n g   p a r t   o f   t h e   m a n i p u l a t o r .  The o t h e r   t y p e  i s  f o r c e - d i s t r i b u t i o n  
f eedback .  Here t h e  d i s t r i b u t i o n  o f   f o r c e   o n   t h e   o p e r a t o r  i s  p r o p o r t i o n a l  
t o  t h e  d i s t r i b u t i o n  o f   f o r c e   o n   t h e   m a n i p u l a t o r .   T h i s   d i s t r i b u t i o n   t y p e  
of   feedback   could  t e l l  t h e  o p e r a t o r  t h e  s h a p e  o f  a n  o b j e c t  i n  t h e  m a n i -  
p u l a t o r   j a w s ,   w h e r e   i n   t h e   j a w s  h e  i s  h o l d i n g  t h e  o b j e c t ,  a n d  t h e  f o r c e  
he  i s  e x e r t i n g   a t   a n y   p o i n t  on t h e   o b j e c t .  Many m a n i p u l a t o r s   p r e s e n t l y  
h a v e   f o r c e   f e e d b a c k ,   b u t   n o n e   h a v e   f o r c e - d i s t r i b u t i o n   f e e d b a c k .  I t  i s  
e x p e c t e d ,   b u t   a s   y e t   u n p r o v e n ,   t h a t   t h i s   a d d i t i o n a l   i n f o r m a t i o n   s h o u l d  
g r e a t l y  e n h a n c e  m a n i p u l a t i o n  p e r f o r m a n c e .  
The m a i n  v a r i a b l e s  i n f l u e n c i n g  r e m o t e  m a n i p u l a t i o n  were s t u d i e d  a n d  
a r e   p r e s e n t e d   i n   o u t l i n e   f o r m   i n   T a b l e  V. An e x p e r i m e n t a l   s t u d y   o f   a l l  
t h e  t a c t i l e  f e e d b a c k  p a r a m e t e r s  d i s c u s s e d  i n  t h e  o u t l i n e  w o u l d  o b v i o u s l y  
t a k e  a much l o n g e r  time t h a n  w e  h a d  a v a i l a b l e  t o  u s  i n  t h i s  p r o j e c t ,  s o  
w e  chose  
(1) 
t o  e x p l o r e  t h e  f o l l o w i n g  u s e s  o f  t a c t i l e  d i s p l a y s .  
F o r c e - d i s t r i b u t i o n  f e e d b a c k  v e r s u s  n o  s u c h  f e e d b a c k ,  
b y  a d d i n g  a 4 8 - e l e m e n t  f o r c e - d i s t r i b u t i o n  f e e d b a c k  
s y s t e m  t o  a m a n i p u l a t o r .  
The k i n d   o f   t a s k s   m o s t   i m p r o v e d   w i t h   t a c t i l e   f e e d b a c k ,  
b y  t r y i n g  a  n u m b e r  o f  c o n c e p t u a l l y  d i f f e r e n t  t a s k s  b o t h  
w i t h  a n d  w i t h o u t  t h i s  t a c t i l e  d i s p l a y .  
Direct v i e w i n g ,   t e l e v i s i o n ,   a n d   n o i s y   t e l e v i s i o n   v i e w i n g  
o f  t h e  a r m  i n  c o m b i n a t i o n  w i t h  f o r c e - d i s t r i b u t i o n  f e e d b a c k .  
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Table  V 
VARIABLES  INFLUENCING  REMOTE  MANIPULATION 
WITH  TACTILE  INFORMATION  DISPLAYS 
. 
(1) Conditions  Involving  Overall  Force  Feedback 
(a)  None,  only  visual  observation  permitted 
(b)  For  hand o r  tong  only 
(c) For all  joints 
(2) Conditions  Involving  Spatial  Force  Feedback  (may  be  on-off 
or proportional) 
(a) None 
(b)  Single  contact  only--as  vibrators  on  the  fingertips, 
wrist,  elbow, o r  other  extremities,  indicating  contact 
at  the  corresponding  manipulator  locations 
(c)  Center  of  gravity  of  force  distribution on the  tongs 
transmitted  to  the  finger  pad 
(d) Distribution of force  on  tongs  transmitted  to  the 
finger pad 
( 3 )  Type of Communication  Link 
(a)  Quality of the  visual  signal 
Direct  viewing 
Television  viewing  system 
Pioisy television  viewing 
(b)  Amount  of  Time  Delay 
No delay  other  than  manipulator  servo  lags 
Additional  time  delay up to  several  seconds 
(4) 'Type  of  Task  (compare  speed  and  accuracy) 
(a)  Remote  operations--knob  adjusting,  switch  throwing, o r  
oiling  machinery 
(b)  Assembly  and  disassembly--alignment,  inserting  bolts, 
tightening  nut or Allen  screw, or  replacing  parts 
(c)  Inspection--sorting,  picking  things up, or stacking 
blocks 
( 5 )  Use  of  Automatic  Operation 
(a)  Automatic  gripping  (with  a  specified  force) 
(b)  Automatic  centering  of  object in gripping  tong 
(c)  Automatic  touching  (reach  until  first  contact). 
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A. Remote Manipulator 
The  facility  used  for  performing  these  evaluation  experiments is 
the  Model 8A Rancho  Arm,  shown in Figures 12 and 13. The  members  of  the 
control  brace  and  arm  correspond in size and in  relative  position  to 
each  other  and  to  the  operator's  arm.  Seven  closed-loop  servomechanisms 
position  the  arm in the  same  orientation  as  the  control  brace,  allowing 
the  operator  to  move  the  arm in a  fairly  natural  manner.  After  receipt 
of  the  arm,  we  carried  out  several  modifications  to  make  it  operational. 
These  included (1) constructing  a  sturdy  mounting  pedestal  for  it, (2)
mechanically  reworking  and  stiffening  a  number of arm  joints, ( 3 )  
strengthening  the  joint-angle  pickup  potentiometer  mountings,  and (4)
installing  variable  gain  controls  in  the  seven  servo  channels  to  damp 
oscillations. 
* 
B. Design of a  Force-Distribution  Feedback  System _- .- 
After  considering  possible  switch  and  strain  gauge  force  sensors, 
we  constructed  a  simple  and  reliable  array  of  sensors  using  a  conductive 
rubber  sheet.  The  conductive  rubber  was  mounted so that  contact was 
made  when  an  external  object  pushed  the  flexible  rubber  against  conductors 
imbedded  in  an  insulating  plate.  The 48 contact  points  are  on  0.1-inch 
centers  in  a  uniformly  spaced 4 X 12 matrix.  The  whole  unit,  mounted in 
a  rubber  sleeve  and  fastened  to  the  manipulator  tong  shown in Figure 14(a), 
has  proved  very  rugged,  requiring  no  maintenance or modifications  through- 
out our  experimentation. 
* 
The  Model 8A Rancho  Arm is a  seven-degree-of-freedom  manipulator, 
anthropomorphic  with  the  human  arm,  manufactured  by R.&D. Engineering, 
Downey,  California. 
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FIGURE 12 THE  RANCHO  MANIPULATOR IN THE  XPERIMENTAL  SITUATION 
FIGURE 13 USE OF THE CONTROL BASE 
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(a) FORCE DISTRIBUTION SENSOR ATTACHED TO BOTTOM TONG 
(b) FORCE  DISTRIBUTION  DISPLAY  FOR  OPERATOR’S  FINGER 
FIGURE 14 THE TWO TRANSDUCERS OF THE TACTILE FEEDBACK SYSTEM 
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I II 
The t a c t i l e  s t i m u l a t o r  f o r  t h e  o p e r a t o r ' s  f i n g e r  i s  shown i n  
F igure   14(b) .  I t  c o n s i s t s  of a corresponding 4 X 12  a r r a y  of v i b r a t o r s  
uniformly  spaced  on  0.1-inch  centers.  Each v i b r a t o r  is  a p i e z o e l e c t r i c  
Bimorph' t ransducer  t ipped  wi th  a metal p in  p ro t rud ing  th rough  ho le s  in  
a r e c e s s e d  p l a s t i c  s e n s i n g  p l a t e .  The v i b r a t o r s  are e i t h e r  o f f  or are  
connec ted  to  a 250-Hz square  wave generator  through individual  conduct ive 
rubber  switches.  They produce a p a t t e r n  of v i b r a t i o n  i d e n t i c a l  t o  t h e  
pa t te rns  of  swi tch  c losures  on the manipulator  tongs.  
The use of  this  feedback system i s  i l l u s t r a t e d  i n  F i g u r e  15, which 
shows t h e  tongs   g r ipping  a t r i angu la r  b lock .  The fo rce  sens ing  pad, 
which i s  mounted on the near  tong,  has  been connected to  a 4 X 1 2  l i g h t  
box i n  such a manner that   each of i t s  switches  actuates   one lamp. The 
t r iangular  group of  i l lumina ted  lamps  presents  the  same f o r c e  p a t t e r n  
v i s u a l l y  t h a t  t h e  o p e r a t o r  would f e e l  t a c t u a l l y .  
In  ac tua l  manipula t ions  wi th  the  arm, t h e  o p e r a t o r ' s  f i n g e r s  a r e  
pos i t ioned  as  shown i n  F i g u r e  16, wi th  the  index  f inger  centered  on t h e  
v i b r a t o r s .  The con t ro l   b race   has   been   mod i f i ed   fo r   t h i s   app l i ca t ion  
so t h a t  t h e  t o n g  p o s i t i o n ,  which was or iginal ly  governed by t h e  f i n g e r s ,  
i s  now governed  by  the thumb. The f inge r s  r ema in  s t a t iona ry  on t o p  of 
t h e  d i s p l a y  u n i t  and are  somet imes  he ld  in  p lace  by a rubbe r  s t r ap .  
C. Evaluation  Experiments 
After  reworking the arm t o  a c h i e v e  f a i r l y  r e l i a b l e  o p e r a t i o n ,  some 
explora tory   manipula t ions  were car r ied   ou t .   Var ious   k inds  of c h i l d r e n ' s  
bui lding  blocks,   peg-in-hole   arrangements ,   nut   ana  bol t   fas teners ,   and a 
* 
Bimorph i s  t h e  t r a d e  name for  p iezoe lec t r ic  t ransducers  manufac tured  
by Clevite  Corp.,   Bedford,  Ohio. 
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r, 
FIGURE 15 GRIP OF A  TRIANGULAR BLOCK WITH  A LIGHT BOX DISPLAY OF THE 
FORCE DISTRIBUTION PERSENTED TO THE OPERATOR 
FIGURE 16 OPERATOR’S HAND  POSITIONED IN THE BRACE WITH  FINGER OVER 
FORCE-DISTRIBUTION  DISPLAY 
s p e c i a l  l a t c h  ( a  Kupu l a t c h  ) were c o n s i d e r e d  f o r  e v a l u a t i o n  e x p e r i m e n t s .  
The t a s k s  c h o s e n  f o r  t h e  p r e l i m i n a r y  e x p e r i m e n t s  were (1) p i c k i n g  u p  a n d  
removing a c y l i n d r i c a l  b l o c k ,  a n d  ( 2 )  r e t r i e v i n g  a Kupu l a t c h  f r o m  a metal 
p a n e l .  
* 
I n  a l l ,  f i v e   d i f f e r e n t   e x p e r i m e n t s  were c a r r i e d   o u t :   t h e   f i r s t   t w o  
i n v o l v e d   b l o c k   p i c k u p s   a n d   t h e  l a s t  t h r e e   u s e d   t h e  Kupu l a t c h .   I n   t h e  
b l o c k  e x p e r i m e n t s ,  t h e  time f o r  c o m p l e t e  p i c k u p  was measured  wi th  a 
p h o t o e l e c t r i c a l l y   a c t i v a t e d   c o u n t e r .  When t h e  f i r s t  p a r t  o f  t h e  arm 
p a s s e d  t h r o u g h  t h e  beam o f  l i g h t ,  w h i c h  d e f i n e d  a p l a n e  a b o u t  o n e  f o o t  
f r o m  t h e  b l o c k ,  t h e  c o u n t e r  was a u t o m a t i c a l l y  s t a r t e d ,  a n d  when t h e  arm 
f i n a l l y  moved b a c k  t h r o u g h  t h e  l i g h t  beam w i t h  t h e  b l o c k ,  t h e  c o u n t e r  
a u t o m a t i c a l l y   s t o p p e d ,   i n d i c a t i n g   t h e   e l a p s e d  time. I n   t h e   l a t c h   p i c k u p  
e x p e r i m e n t s  t h e  e x p e r i m e n t e r  s t a r t e d  a s t o p w a t c h  when t h e  f i r s t  p a r t  of 
t h e  a r m  c r o s s z d  a p l a n e  a b o u t  o n e  f o o t  f r o m  t h e  b l o c k  d e f i n e d  b y  t w o  
v e r t i c a l  p o s t s  a n d  s t o p p e d  t h e  w a t c h  when t h e  l a t c h  f i r s t  c l e a r e d  t h e  
c h a s s i s  i t  was  mounted  on. 
D e s c r i p t i o n s  o f  t h e  f i v e  e x p e r i m e n t s  c a r r i e d  o u t  are g iven   be low.  
The e x p e r i m e n t s ,   w h i c h   c o n s i s t e d   o f   e i t h e r  40 o r  80 p i c k u p s   e a c h ,  were 
p e r f o r m e d  b y  t h e  o n e  s u b j e c t  ( J H )  t o  whom t h e  arm  was f i t t e d .  
Experiment  M1--Picking Up a Round Block 
The t i m e  r e q u i r e d  t o  p i c k  up a b l o c k  was measured  bo th  wi th  and  
w i t h o u t  t a c t i l e  f e e d b a c k   a n d   w i t h   b o t h   l o c a l   a n d   r e m o t e   v i e w i n g .  The 
o p e r a t o r ' s   v i e w  of t h e   t a s k  i s  shown i n   F i g u r e   1 7 ( a ) .   I n   d i f f e r e n t  
p a r t s  o f  t h e  e x p e r i m e n t  t h e  o p e r a t o r  e i t h e r  o b s e r v e d  t h e  a r m ' s  o p e r a t i o n  
* 
The Kupu l a t c h  w a s  d e v e l o p e d  b y  t h e  N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  
A d m i n i s t r a t i o n ,  A m e s  Resea rch  Cen te r ,  M o f f e t t   F i e l d ,   C a l i f o r n i a .  
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(a) ROUND  BLOCK (b) KUPU  LATCH 
(c) PARTIALLY OBSClJRED LATCH (d) COMPLETELY  OBSCURED  LATCH 
FIGURE 17 OPERATOR'S VIEW OF THE REMOTE RETRIEVAL TASKS THAT WERE 
PERFORMED 
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d i r e c t l y  from a p o s i t i o n  a few f e e t  away, o r  observed  the  opera t ion  
remote ly  v ia  a c l o s e d  c i r c u i t  TV s y s t e m  l o c a t e d  i n  a s e p a r a t e  room 
i s o l a t e d  from aud ib le  clues. In  two o t h e r  p a r t s  of the   exper iment   the  
t a c t i l e  feedback system was e i t h e r  t u r n e d  on, p rov id ing  fo rce -d i s t r ibu t ion  
feedback, o r  turned   of f ,   p rovid ing  no feedback. The t e s t i n g   s c h e d u l e   f o r  
the experiment  (shown in  Table  VI)  cons is ted  of e i g h t  test se s s ions  
Table VI 
TEST  SCHEDmE OF EXPERIMENT M 1  
V i  sua1 T a c t i l e  
Session 
Tact i le  Feedback P r a c t i c e  
Condition  Condition 
Direct 
1 Viewing No T a c t i l e  Feedback 
2 
3 
4 
TV 
Remote 
Direct T a c t i l e  Feedback 
5 Viewing 
6 --- 
Direc t  8 
TV 7 
Remote 
No T a c t i l e  Feedback 
d i v i d e d  i n t o  two visual  feedback and two t a c t i l e  f e e d b a c k  c o n d i t i o n s  
balanced so  tha t  l i nea r  l ea rn ing  t r ends  du r ing  the  expe r imen t  would not  
b i a s  t h e  results.  Each  of t h e   e i g h t   s e s s i o n s  w a s  con t inued   un t i l  t e n  
tasks were completed.  If a drop o r  knockdown occurred,   the  task was 
aborted and a new pickup attempt was s t a r t e d .  
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- Experiment  MZ--Picking Up a Round Block 
T h i s  e x p e r i m e n t  is  i d e n t i c a l  t o  e x p e r i m e n t  M 1  e x c e p t  t h a t  o n l y  
r emote   v i ewing  w a s  u s e d .   T h e   o p e r a t o r ,   l o c a t e d   i n   t h e   a d j a c e n t  room, 
e i t h e r  v i e w e d  t h e  m a n i p u l a t o r  a n d  b l o c k  w i t h  s t a n d a r d ,  b r o a d c a s t -  
q u a l i t y  TV or w i t h  t h e  same TV s y s t e m  w i t h  w h i t e  n o i s e  a d d e d .  When 
n o i s e  w a s  u s e d ,  t h e  RMS v a l u e s  o f  n o i s e  a n d  v i d e o  s i g n a l s  were a p p r o x i -  
m a t e l y  e q u a l .  
Experiment M3"Retrieving a Kupu L a t c h  
T h i s   e x p e r i m e n t  i s  d e s i g n e d  i d e n t i c a l l y  t o  e x p e r i m e n t  M2 e x c e p t  
t h a t   t h e   t a s k  i s  d i f f e r e n t .   I n s t e a d   o f   p i c k i n g   u p  a b l o c k ,   t h e   m o d i f i e d  
Kupu l a t c h  shown i n  F i g u r e  18 was  r emoved  f rom a  me ta l  chass i s  i n  wh ich  
i t  was i n s e r t e d .  The l a t c h   h a s   f o u r   s p r i n g - l o a d e d   p r o n g s   t h a t   p r o t r u d e  
from i t s  l o w e r   c y l i n d r i c a l   b o d y .  Once t h e   l a t c h   h a s   b e e n   i n s e r t e d   i n t o  
a h o l e ,  t h e s e  p r o n g s  m u s t  b e  r e t r a c t e d  by s q u e e z i n g  a c r o s s  i t s  m i d p o r t i o n  
i n  o r d e r  t o  remove i t .  The t a s k   p r e s e n t e d   t h e   o p e r a t o r  i s  shown i n  
F i g u r e  17 ( b  ). 
Exper iment  ~ M4"Retrieving a P a r t i a l l y   O b s c u r e d   L a t c h  
The time r e q u i r e d  t o  r e m o v e  t h e  Kupu l a t c h  p a r t i a l l y  o b s c u r e d  f r o m  
view  was  measured i n  a n  a b b r e v i a t e d  e x p e r i m e n t  similar t o  t h e  p r e v i o u s  
t h r e e .  The e x p e r i m e n t a l   s i t u a t i o n   a s   s e e n   b y   t h e   o p e r a t o r   [ s h o w n   i n  
F i g u r e   1 7 ( c ) ]   p e r m i t s   o n l y   t h e   t o p   p o r t i o n   o f   t h e   l a t c h   t o   b e   s e e n .   I n  
t h i s  case o n l y  f o u r  s e s s i o n s  w i t h  t e n  tests e a c h  w e r e  u n d e r t a k e n ,  u s i n g  
t h e   r e m o t e ,   n o i s e l e s s  TV v i e w i n g   c o n d i t i o n .  The f o u r   b a l a n c e d   s e s s i o n s  
( f e e d b a c k   o f f ,   f e e d b a c k   o n ,   f e e d b a c k   o n ,   f e e d b a c k   o f f )   v a r i e d   t h e   t a c t i l e  
f e e d b a c k   c o n d i t i o n   t o   m e a s u r e  i t s  e f f e c t i v e n e s s .   T h i s   t a s k   w a s  more 
d i f f i c u l t  t h a n  t h e  s i m p l e  r e m o v a l  o f  E x p e r i m e n t  M 3 ,  h a v i n g  a c o m p l e t i o n  
r a t e  o f  85 p e r c e n t .  
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FIGURE 18 MODIFIED  VERSION OF THE 
KUPU  LATCH  USED  IN  THE 
EXPERIMENTS 
Experiment M5"Retrieving a Completely Obscured Latch 
The time t o  remove a Kupu la tch  obscured  from view by a metal sc reen  
was measured  wi th  an  exper imenta l  des ign  ident ica l  to  tha t  of  Experiment 
M 4 .  The operator   used  the  remote TV s t a t i o n  t o  c o n t r o l  t h e  arm and  had 
t h e  view of t h e  task shown in  Figure  17(d) .   Because of t h e  l o w  t a sk  
comple t ion  ra te  ( 2 0  p e r c e n t ) ,  t h i s  t a s k  was n o t  r e p e a t e d  t o  o b t a i n  t e n  
c o m p l e t e  r e t r i e v a l s  as in  the  prev ious  exper iments ,  bu t  s topped  a f t e r  
44 
ten  pickup  attempts.  Instead  of the  time  to  complete  the  task,  other 
measures  were  used  such as the  completion  rate  and  the  number of false 
attempts  and  fumbles. 
D. Results 
For  the  first four  experiments  the  task  completion  times  were  given 
analyses  of  variance  to  determine  the  significant  variables.  These 
analyses  are  shown  in  Tables  VI1  through X. In  all  of  the 
Replications"  refer  to  the  first  and  second  halves of the I 1  
Table  VI1 
SUMMARY OF  ANALYSIS  OF  VARIANCE OF THE 
TASK  COMPLETION  TIMES  OF  EXPERIMENT MI1 
Source 
Tactile  Feedback (TI 
Visual  Feedback ( V )  
Replications  (R) 
T X V  
T X R  
V X R  
T X V X R  
Within  Sessions 
* 
Mean  Square 
57.8 
858.0 
44.7 
12.8 
108.1 
28.1 
37.3 
28.9 
F  Ratio 
2.00 
29.7 
* 
1.55 
" 
3.74 
" 
1.29 
analyses  the 
experiments. 
Significant  at  the .005 level. 
Where  different  viewing  conditions  were  used in the  experiments, 
their  effects  were  all  significant  (see  analyses for Experiments  M1, 
M2,  and M3). The  changes in task  completion  time  for  these  experiments 
are  shown  in  Figure  19  along  with  some  other  pickup  times  plotted  for 
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FIGURE 19 DEPENDENCE OF COMPLETION  TIME  ON TASK 
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Table  VI11 
SUMMARY OF  ANALYSIS  OF  VARIANCE  OF THE 
TASK  COMPLETION  TIMES OF EXPERIMENT h12 
- 
"_ Source 
Tactile  Feedback (T) 
Visual  Feedback  (V) 
Replications  (R) 
T X V  
T X R  
V X R  
T X V X R  
Within  Sessions 
- " ~ 
* 
- 
df 
1 
1 
1 
1 
1 
1 
1 
72 
- Mean  Square 
18.6 
505.0 
38.9 
8.1 
354.5 
53.7 
7.3 
41.7 
F Ratio 
" 
" 
* 
12.1 
" 
" 
8.49 
1.29 
* 
" 
Significant  at  the .005 level. 
Table IX 
SUMMARE' OF ANALYSIS  OF  VARIANCE OF TFIE 
TASK  COMPLETION  TIMES  OF  EXPERIMENT R13 
" 
Source 
Tactile  Feedback  (T) 
Visual  Feedback ( V )  
Replications  (R) 
T X V  
T X R  
V X R  
T X V X R  
Within  Sessions 
" - -~ 
VIean Square 
42.2 
1329.3 
6.2 
15.7 
97.9 
1.8 
387.6 
46.1 
t Significant  at  the .005 level. 
0 Significant  at  the .05 level. 
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F Ratio 
" 
t 
28.8 
" 
" 
2.12 
" 
9 8.40 
Table X 
SUMMARY OF ANALYSIS  OF VARIANCE OF THE 
TASK COMPLETION TIMES  FOR  EXPERIMENT M4 
Source 
Tacti le Feedback  (T) 
Repl ica t ions  (R)  
T X R  
Within Sessions 
' df 
1 
1 
1 
Mean Sauare 
0.60 
31.86 
0.87 
76.45 
F Ra t io  
" 
" 
" 
comparison. The time fo r  p i ck ing  up  a block with a human hand (0 .4  s )  
r ep resen t s  a lower time limit f o r  t h e s e  t a s k s .  In  addi t ion ,   the   average  
completion times for  Exper iments  M 4  and M5 ( r e t r i e v i n g  t h e  o b s c u r e d  o r  
p a r t l y  o b s c u r e d  l a t c h )  are shown. 
None of the task complet ion times s i g n i f i c a n t l y  depended  on t h e  
t a c t i l e  feedback conditions,  even though the task completion times f o r  
a l l  of the  four  exper iments  were shor t e r  w i th  the  t ac t i l e  f eedback  sys t em 
on. This  small, bu t   regular ,  time reduct ion  averaged 7 p e r c e n t   f o r  
experiments M1 through M4. To i n v e s t i g a t e   t h e   i n f l u e n c e  of t a c t i l e  
feedback fur ther ,  two o t h e r  v a r i a b l e s  t h a t  were t abu la t ed  i n  t he  expe r i -  
ments  are  given in  Tables  X I  and XI1 a s  a funct ion of  the t a c t i l e  feedback. 
Table X I  
PERCENTAGE  OF  TASKS COMPLETED 
FOR  EXPERIMENTS M3, M4, and M5 
Condition M5 M4 M3 
Tact i le  Feedback On 80% 95% 100% I Tactile Feedback Off I 83% I 75% 1 40% I 
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. . ..  .. .. - . . 
T a b l e  X I 1  
NUMBER OF PICKUP ATTEMPTS THAT FAILED 
FOR  EXPERIMENTS M3, M4, AND M 5  1- C o p d i t i o n  M 3  M4 M 5  26 
Tactile Feedback  On 
T a c t i l e   F e e d b a c k  Off 7 23 41 
B o t h  t h e  p e r c e n t a g e  o f  c o m p l e t e d  t a s k s  a n d  t h e  n u m b e r  o f  f a i l e d  p i c k u p  
a t t e m p t s  d e p e n d e d  s t r o n g l y  o n  t a c t i l e  f e e d b a c k  c o n d i t i o n  a n d  o n  t h e  
d i f f i c u l t y  o f  t h e  t a s k .  
The  main f a i l u r e  i n  t h e  l a t c h  r e m o v a l  e x p e r i m e n t s  (M3, h14, and h 1 5 )  
w a s  d u e  t o  t h e  m a n i p u l a t o r  t o n g s  s l i p p i n g  a n d  p u s h i n g  t h e  s p r i n g - l o a d e d  
release s p r i n g  off  of t h e  release b u t t o n ,  r e n d e r i n g  t h e  l a t c h  u n r e m o v a b l e .  
The  number  of t a s k s  w i t h o u t  t h i s  f a i l u r e  was c o m p u t e d  f r o m  t h e  f i r s t  10 
a t t e m p t e d   t a s k s   o f   e a c h   s e s s i o n   t o   o b t a i n   t h e   e n t r i e s  of   Table  X I .  A l -  
t h o u g h  t h e  c h a n g e  i n  c o m p l e t e d  t a s k s  b r o u g h t  a b o u t  b y  t h e  t a c t i l e  f e e d -  
back   sys t em i s  small fo r   unobscured   r emova l   (Expe r imen t  M 3 )  i t  grows 
w i t h  o b s c u r a t i o n  a n d  i s  v e r y  large f o r  t h e  c o m p l e t e l y  o b s c u r e d  case 
(Exper iment  M 5  1. 
A n o t h e r  e f f e c t  n o t i c e d  i n  t h e  e x p e r i m e n t s  ( p a r t i c u l a r l y  i n  E x p e r i m e n t  
M 5 )  was t h a t  t h e  v a l u e  of t a c t i l e  f e e d b a c k  d e p e n d e d  o n  t h e  n o v e l t y  o f  t h e  
t a s k .   F o r   e x a m p l e ,   d u r i n g   t h e   f i r s t   s e s s i o n  of Exper iment  h15, two of 
t h e  t e n  t r i a l s  were s u c c e s s f u l  ( 2 0  p e r c e n t ) ,  b u t  d u r i n g  t h e  s e c o n d  s e s s i o n  
w i t h  t ac t i l e  f e e d b a c k  t u r n e d  o n ,  e i g h t  o f  t h e  t e n  trials were s u c c e s s f u l  
(80 p e r c e n t ) .   T h e r e a f t e r   a b o u t  65 p e r c e n t  were s u c c e s s f u l ,   i n d e p e n d e n t  
o f   whe the r  t a c t i l e  f e e d b a c k  was s u p p l i e d .   T h e s e   r e s u l t s   s u g g e s t   t h a t  
t a c t i l e  f e e d b a c k  i s  i m p o r t a n t  for e x p l o r a t o r y  work w i t h  r e m o t e  m a n i p u l a t o r s  
w h e r e  t h e  t a s k s  are h i g h l y  v a r i a b l e  o r  p e r h a p s  unknown ahead  o f  time. 
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After  the  opera tor  per formed the  ident ica l  t ask  20 times i n  a row, 
t a c t i l e  feedback i s  not  near ly  as important.  
Two s t r a t e g i e s  f o r  removing the  l a t ch  deve loped  du r ing  the  expe r i -  
ment, exp la in ing  the  da t a  shown i n  T a b l e  XI1 and probably  expla in ing  the  
i n s e n s i t i v i t y  of t h e  t o t a l  t a s k  time t o  t a c t i l e  f e e d b a c k .  With t a c t i l e  
feedback  turned  of f ,  the  method  of r e t r i e v i n g  t h e  l a t c h  w a s  ( 1 )  t o  p l a c e  
the  tongs  a round the  la tch  us ing  only  v isua l  feedback ,  and then  ( 2 )  t o  
g ra sp  t h e  l a t c h  and a t t e m p t  t o  l i f t  i t  out   o f   the   meta l   chass i s .   I f  
the  a t tempt  fa i led ,  the  procedure  was r e c y c l e d  u n t i l  t h e  l a t c h  was 
e i t h e r  removed or acc iden t ly   d i sab led .  With t a c t i l e  f e e d b a c k  t u r n e d  on, 
t h e  method o f  r e t r i e v i n g  t h e  l a t c h  was (1) t o  p o s i t i o n  t h e  t o n g s  s imi la r ly  
us ing  v i s u a l  feedback  and  then ( 2 )  t o  g r a s p  t h e  l a t c h  and f e e l  i t s  shape. 
I f  t he  c ros sba r s  and shee t  metal release were f e l t ,  t h e n  a n  a t t e m p t  would 
be made t o  l i f t  t h e  l a t c h ;  o t h e r w i s e  a n  a t t e m p t  would be made t o  re- 
pos i t i on  the  tongs  and f e e l  a g a i n .  A f t e r  t h e  release but ton  w a s  f e l t ,  
an attempt t o  l i f t  t h e  l a t c h  was made. 
Table XI1 shows t h a t  t h e  number  of unsuccessful  pickup at tempts  i s  
cons iderably   h igher   wi th  t h e  t a c t i l e   f e e d b a c k   t u r n e d   o f f .  The reason 
t h a t  t h e  i n c r e a s e d  number  of a t t empt s  d id  no t  i nc rease  the  ove ra l l  task 
time is  probably  due  to  the  increased  number  of f ee l ing  a t t empt s  wi th  
t h e  t ac t i l e  feedback  system  on:   the  operator  was appa ren t ly  t r ad ing  
p i ckup   a t t empt s   fo r   s ens ing   a t t empt s .  When t h e  o b j e c t  i s  f r a g i l e ,  or 
hard  to  f ind ,  or r e q u i r e s  a c c u r a t e  p o s i t i o n i n g  t o  b e  p i c k e d  up, then  
the  t ac t i l e  f eedback  sys t em inc reases  e f f i c i ency ,  as shown in  Tab le  I X .  
E.  Conclusions  and Recommendations 
T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  s u c c e s s  and confidence with which 
the operator  could perform the tasks  w a s  much g rea t e r  w i th  t ac t i l e  
feedback  than  without.  Tactile feedback w a s  more bene f i c i a l  unde r  the  
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p o o r e r  v i s u a l  c o n d i t i o n s  a n d  p r o v i d e d  h i g h l y  u s e f u l  i n f o r m a t i o n  t h a t  
r e q u i r e d  a r e l a t i v e l y  low  bandwidth   channel .  
These resu l t s  w a r r a n t  f u r t h e r  d e v e l o p m e n t  o f  t a c t i l e  f eedback   sys t ems  
f o r   r e m o t e   m a n i p u l a t i o n .   D u r i n g   t h e   c o u r s e   o f   t h i s   p r o j e c t  a number  of 
p o s s i b l e  i m p r o v e m e n t s  t o  t h e  c u r r e n t  s y s t e m  o c c u r r e d  t o  u s ,  some  of  which 
are  d e s c r i b e d  b e l o w  a s  r e c o m m e n d a t i o n s  f o r  f u t u r e  w o r k .  
1. D i s t r i b u t i o n  of 'Force  on T= 
E v e n  t h o u g h  o u r  s i m p l e  s p a t i a l  r e l a y  h a s  a i d e d  p e r f o r m a n c e ,  
i t  h a s  some s h o r t c o m i n g s  as  a d i s p l a y  s y s t e m  t h a t  c a n  be  improved  upon 
t o  make o p e r a t i o n s   w i t h  i t  more e f f i c i e n t .  We recommend  making t h e  p i c k -  
up  pad t h e  same s i z e  as t h e  g r i p p i n g  a r e a  o f  t h e  t o n g s  a n d  m o u n t i n g  o n e  
p a d   o n   e a c h   o f   t h e   c o n t a c t i n g   t o n g   s u r f a c e s .   T h e s e   c h a n g e s   w o u l d   e l i m i n a t e  
some i n s e n s i t i v e  a r e a s  o f  t h e  c u r r e n t  s e n s i n g  pad  and f u r t h e r  e l i m i n a t e  
some i n s t a n c e s  w h e r e  a m b i g u o u s  i n f o r m a t i o n  w a s  d i s p l a y e d  t o  t h e  o p e r a t o r .  
I n  a d d i t i o n ,  the s y s t e m   w o u l d   b e   m o r e   e f f i c i e n t   ( r e q u i r i n g   f e w e r   v i b r a t o r s  
a n d   p i c k u p s )   i f  a n o n u n i f o r m   d i s t r i b u t i o n  of t r a n s d u c e r s  were u s e d .  Ke 
recommend d o u b l i n g  t h e  d e n s i t y  o f  p i c k u p s  a n d  o f  c o r r e s p o n d i n g  s t i m u l a t o r s  
on t h e  f i n g e r t i p  a r e a  as compared t o  t h e  rest of t h e  f i n g e r ,  as shown i n  
F i g u r e  20. These d i f f e r e n t   p i c k u p   d e n s i t i e s  w o u l d   p r o v i d e   t h e   f i n g e r t i p ,  
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w h i c h  h a s  h i g h e r  s p a t i a l  r e s o l u t i o n  t h a n  t h e  rest of t h e  f i n g e r ,  w i t h  
m o r e  i n f o r m a t i o n  a n d  h e n c e  c o u l d  p r o v i d e  i n c r e a s e d  a b i l i t y  t o  h a n d l e  
small o b j e c t s .  
The c o n s t r u c t i o n  o f  t h e  p r e v i o u s  p i c k u p  p a d ,  c o n s i s t i n g  of a 
s h e e t  o f  c o n d u c t i v e  r u b b e r  o v e r  i n d i v i d u a l  metal p i n s ,   h a s   p r o v e d   v e r y  
r u g g e d   a n d   r e l i a b l e   a n d   c o u l d   b e   u s e d   i n   t h e  new p a d s .   S i n c e   c o n t a c t  
r e s i s t a n c e  d e p e n d s  o n  t h e  o v e r a l l  f o r c e  p u s h i n g  t h e  p i n s  a g a i n s t  t h e  
r u b b e r ,  t h i s  p i c k u p  c a n  a d d i t i o n a l l y  b e  u s e d  i n  a p r o p o r t i o n a l  d i s p l a y  
w h e r e  v i b r a t i o n  i n t e n s i t y  i s  made p r o p o r t i o n a l  t o  t h e  f o r c e  o n  t h e  
c o n t a c t s .  The p i e z o e l e c t r i c   v i b r a t i o n   t r a n s d u c e r s   u s e d   i n   t h e   c u r r e n t  
t a c t i l e  d i s p l a y  h a v e  p r o v e d  t o  b e  v e r y  r e l i a b l e  a n d  a d e q u a t e  f o r  p r e -  
s e n t i n g  d e t a i l e d  t a c t i l e  i n f o r m a t i o n  i n  t h i s  a n d  s e v e r a l  o t h e r  d e v i c e s  
( B l i s s ,  1 9 6 9 ,   L i n v i l l   a n d  B l i s s ,  1966, B l i s s  e t  a l ,  1 9 7 0 ) .   T h e r e f o r e ,  
w e  recommend c o n s t r u c t i o n  a t  two   o f   t hese  t a c t i l e  d i s p l a y s  f o r  p r e s e n t i n g  
s p a t i a l   i n f o r m a t i o n   t o   t h e   o p e r a t o r ' s   i n d e x   f i n g e r   a n d  thumb.  These 
d i s p l a y s  b u i l t  i n t o  t h e  c o n t r o l  a r m  w o u l d  p r e s e n t  t h e  f o r c e - d i s t r i b u t i o n  
p a t t e r n  o n  b o t h  g r i p p i n g  s u r f a c e s  o f  t h e  t o n g s  t o  t h e  o p e r a t o r s '  f i n g e r s  
u s i n g   t h e   d i s t r i b u t i o n   o f   s a m p l i n g   p o i n t s  shown i n  F i g u r e  20. Th i s   sys t em 
wou ld  p rov ide  a u n i q u e  o n e - t o - o n e  c o r r e s p o n d e n c e  f o r  t o u c h  b e t w e e n  t h e  
r emote  a rm and  ope ra to r  t ha t  has  no t  p rev ious ly  been  implemen ted .  
2. Con tac t   Fo rce   on  Hand 
A f t e r  s e v e r a l  p r e l i m i n a r y  e x p e r i m e n t s  w i t h  t h e  R a n c h o  Remote 
M a n i p u l a t o r ,  i t  b e c a m e  a p p a r e n t  t h a t  c o n t a c t  b e t w e e n  t h e  o u t s i d e  s u r f a c e s  
o f  t h e  t o n g s  a n d  t h e  o b j e c t  t o  b e  g r i p p e d ,  o r  o t h e r  n e a r b y  o b j e c t s ,  w o u l d  
f a c i l i t a t e   o p e r a t i o n .   C o n t a c t   i n f o r m a t i o n   v e r y   o f t e n  i s  u n o b t a i n a b l e  
f r o m  t h e  v i d e o  m o n i t o r  s i m p l y  b e c a u s e  t h e  r e m o t e  h a n d  i s  i n  a p o s i t i o n  
where i t  o b s c u r e s   t h e   n e c e s s a r y   v i e w   o f   t h e   o b j e c t .   T h i s   h e l p f u l   c o n t a c t  
i n f o r m a t i o n  c a n  b e  s i m p l y  o b t a i n e d  by c o n s t r u c t i n g  s e n s i n g  p l a t e s  on t h e  
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t o n g s  t h a t  p r o d u c e  e l e c t r i c a l  s i g n a l s  when a small f o r c e  i s  a p p l i e d  t o  
them.  These signals can  be  used  to  tu rn  on t a c t i l e  s t i m u l a t o r s  a t  t h e  
corresponding locat ions on the operator 's  hand.  
Appropr i a t e  l oca t ions  fo r  con tac t  s enso r s  are t h e  t i p s ,  s i d e s ,  
top,  and  bottom of the  tongs  and the sides,  top,  and bottom of the "hand, 
a s  i l l u s t r a t e d  i n  F i g u r e  21. There are s e v e r a l  a l t e r n a t i v e  means of 
cons t ruc t ing  these  senso r s ,  i nc lud ing  s t r a in  gauges ,  conduc t ing  rubbe r ,  
microswitches,   and  protruding  whiskers.   These  different  methods of 
instrumentat ion should be compared to  de t e rmine  the  most appropr i a t e  
fo r   eva lua t ion   expe r imen t s .  Tacti le s t i m u l a t o r s  mounted  on corresponding 
p a r t s  of t he  ope ra to r ' s  hand  (thumb, f i n g e r t i p ,  f i n g e r ,  and w r i s t  ) would 
n o t i f y  him i n  a s t ra ight forward ,  easy- to- learn  manner when and  where a 
contac t  w a s  made. Al though the  tac t i le  s t imula tors  used  may b e  e i t h e r  
p i e z o e l e c t r i c  v i b r a t o r s  o r  a i r j e t s ,  t h e  a i r je t s  a r e  e a s y  t o  p o s i t i o n  and 
inexpens ive ,   hence ,   in   an   exper imenta l   s i tua t ion ,   the  most v e r s a t i l e .  
Only a small amount  of hardware i s  n e c e s s a r y  t o  p o s i t i o n  t h e  j e t s  and 
t h e i r  e f f e c t  i s  undiminished over st imulator-to-skin spacings of 1/16 
t o  1/4  inch. The a i r je t s  could  be mounted  on a g love  the  opera tor  wears 
or a t t a c h e d  d i r e c t l y  on t h e  c o n t r o l  arm wi th  ad jus t ab le  mounts. 
I' 
3 .  Overall Force  F edback 
Force  feedback-- the  t ransmiss ion  to  the  opera tor ' s  arm-- 
of t h e  f o r c e s  of the remote arm a c t i n g  a g a i n s t  o b j e c t s  i s  b e n e f i c i a l  i n  
many a p p l i c a t i o n s  and e s s e n t i a l   i n   o t h e r s   ( F l a t a u ,   1 9 6 9 ) .   I n   a d d i t i o n ,  
force pickups can measure the weight  of an  objec t  and t e l l  t he  ope ra to r  
what kind of forces w i l l  be  necessa ry  to  move i t ,  perhaps  ind ica t ing  
t h a t  t h e  o p e r a t o r  must swi t ch  to  h ighe r  power l eve l s ,  change  h i s  s t r a t egy ,  
o r  even  r i sk  h igh  fo rces  tha t  w i l l  damage t h e  arm. In a t ime-delay 
s i t u a t i o n ,  however,  such as remote operat ions on the moon, convent ional  
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f o r c e  f e e d b a c k  is t h e  s o u r c e  o f  o s c i l l a t i o n s  i n  t h e  m a n i p u l a t o r  c o n t r o l  
l oop .  A s  a n   e x a m p l e ,   c o n s i d e r   p i c k i n g   u p  a h e a v y   l o a d   o n   t h e  moon u s i n g  
a t e l e o p e r a t o r  w i t h  f o r c e  f e e d b a c k :  o n l y  some time a f t e r  t h e  l i f t  w i l l  
t h e   o p e r a t o r   f e e l   t h e   r e f l e c t e d   f o r c e .  The r e f l e c t e d   f o r c e  w i l l  j e r k  
h i s  arm, i n s e r t i n g   y e t   a n o t h e r   t r a n s i e n t   i n t o   t h e   s y s t e m .  In  e x p e r i m e n t s  
w i t h  a t i m e - d e l a y   s y s t e m ,   S h e r i d a n   ( 1 9 7 0 )   f o u n d   t h a t   c o n v e n t i o n a l   f o r c e  
f e e d b a c k  h a d  t o  b e  t u r n e d  o f f  f o r  t h e  o p e r a t o r  t o  p e r f o r m  r e a s o n a b l y .  
The re  are  s e v e r a l  w a y s  o f  p r o v i d i n g  e q u i v a l e n t  f o r c e  f e e d b a c k  
f o r  t h e  o p e r a t o r  t h a t  d o  n o t  i n t e r f e r e  w i t h  h i s  m o t i o n s  i n  a t i m e - d e l a y  
c o n t r o l   s i t u a t i o n .  One i s  t o  scale down t h e   f o r c e   f e e d b a c k  so t h a t  i t  
i s  s t i l l  p e r c e i v a b l e  b u t  n o t  s t r o n g  e n o u g h  t o  i n t e r f e r e  w i t h  t h e  o p e r a -  
t o r ' s  movements. A second  method i s  t o   p r e s e n t   t h e   f e e d b a c k   i n f o r m a t i o n  
v i a   v i b r a t o r s   t o   d i f f e r e n t   p a r t s   o f   t h e   o p e r a t o r ' s  arm. Two v i b r a t o r s  
cou ld  be p r o v i d e d  for each   deg ree   o f   f r eedom as u s e d  f o r  p o s i t i o n  f e e d -  
back i n  t h e  B o s t o n  A r m  (Mann and Reimers, 1 9 7 0 ) ;  or t h e  t o t a l  f o r c e  
a c t i n g  on t h e  arm c o u l d  b e  r e s o l v e d  i n t o  t h r e e  c o o r d i n a t e s  a n d  p r e s e n t e d  
on a d i s p l a y  w i t h  s i x  v i b r a t o r s .  A t h i r d   m e t h o d ,  similar t o   t h e   s e c o n d ,  
u s e s  s t a t i c  f e e d b a c k  f o r c e s  a p p l i e d  o r t h o g o n a l l y  t o  t h e  c o n t r o l  m o t i o n s .  
An example  of   such a f o r c e  i s  p i n c h i n g  a c r o s s  t h e  arm, a c o n s t r i c t i n g  
band   p l aced   a round   t he  arm, o r  a s i n g l e  f o r c e  m o v i n g  u p  a n d  down t h e  a x i s  
o f   t h e  arm ( p o s i t i o n   d i s p l a y ) .   T h e s e   o r t h o g o n a l   p r e s e n t a t i o n s  may g i v e  
t h e  o p e r a t o r  t h e  u s u a l  p r o p o r t i o n a l  i n f o r m a t i o n - - t h u s  s p e e d i n g  o p e r a t i o n - -  
w i t h o u t  i t s  d r a w b a c k ,  o s c i l l a t i o n ,  w h i l e  o p e r a t i n g  w i t h  a time d e l a y .  
We recommend c o n s t r u c t i n g  s i m p l e  v e r s i o n s  o f  t h e s e  o r t h o g o n a l  
fo rce  f eedback  sys t ems  on ly  on  the  tong  mot ion  o f  t he  Rancho  Remote  
M a n i p u l a t o r   t o   s t u d y   t h e i r   f e a s i b i l i t y   a n d   u s e f u l n e s s .   I f   o n e   o f   t h e s e  
m e t h o d s  p r o v e s  t o  b e  u s e f u l ,  i t  s h o u l d  b e  c o n s i d e r e d  f o r  t r a n s m i t t i n g  
f o r c e s  f o r  t h e  t w o  wrist mot ions .  
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4. S l i p p a g e   S e n s i n g  
The method used by human b e i n g s  t o  p i c k  u p  f r a g i l e  o b j e c t s  
w i t h o u t  b r e a k i n g  t h e m  i s  t o  a p p l y  a m i n i m a l  g r i p p i n g  f o r c e  a n d  t h e n  
a t t e m p t   t o   l i f t   t h e   o b j e c t .   I f   t h e   o b j e c t   b e g i n s   t o   s l i p ,   t h e   g r i p  i s  
t h e n  t i g h t e n e d  u n t i l  s l i p p i n g  ceases. A p e r s o n   c a n   s e n s e   s l i p p a g e   b o t h  
v i s u a l l y  a n d  t a c t u a l l y  when l i f t i n g  a n  o b j e c t  h i m s e l f ;  h o w e v e r ,  when 
o p e r a t i n g  t h r o u g h  a r e m o t e  m a n i p u l a t o r ,  h e  h a s  o n l y  a v i s u a l  d i s p l a y  o f  
l i m i t e d   q u a l i t y   f r o m   w h i c h   t o   d e d u c e   t h i s   i n f o r m a t i o n .   U s i n g   t h e   p r o p e r  
p ickup  and  t a c t i l e  d i s p l a y  d e v i c e s ,  i n f o r m a t i o n  o n  s l i p p a g e  c a n  a g a i n  
b e  p r o v i d e d  t o  t h e  m a n i p u l a t o r  o p e r a t o r  t o  f a c i l i t a t e  h i s  p e r f o r m a n c e .  
S l ippage   can   be   measured   by   means   o f  a p e r p e n d i c u l a r  
f o r c e  t r a n s d u c e r  embedded i n  o n e  o f  t h e  t o n g s  o f  t h e  m a n i p u l a t o r  ( R i n g  
and  Welbourn,  1968  and  Tomovid,  1969). When s l i p p a g e   b e g i n s   t h e r e  is a 
l a r g e ,  h i g h  f r e q u e n c y  v i b r a t i o n a l  c o m p o n e n t  i n  t h e  p e r p e n d i c u l a r  f o r c e  
t h a t   c a n   b e   p i c k e d   u p ,   a m p l i f i e d ,   a n d   s u p p l i e d   t o   t h e   o p e r a t o r   o n   d i f -  
f e r e n t   t y p e s   o f   d i s p l a y s .   T h i s   v i b r a t i o n   c o u l d   b e   s u p p l i e d   d i r e c t l y   t o  
t h e  o p e r a t o r ' s  f i n g e r s  b y  a s p e c i a l  v i b r a t i o n  t r a n s d u c e r  o r  p o s s i b l y  
s u p p l i e d  o n  t h e  f o r c e - d i s t r i b u t i o n  d i s p l a y  a l r e a d y  o n  t h e  o p e r a t o r ' s  
f i n g e r t i p .   I n   t h e  l a t t e r  case, a f t e r   g r i p p i n g   a n   o b j e c t ,   t h e   o p e r a t o r  
would   swi tch ,  o r  p e r h a p s   h a v e   a u t o m a t i c a l l y   s w i t c h e d ,   t h e   p i e z o e l e c t r i c  
v i b r a t o r  d i s p l a y  f r o m  t h e  f o r c e - d i s t r i b u t i o n  mode t o  a new v i b r a t i o n  mode. 
The i n t e n s i t y  o f  t h e  v i b r a t o r s ,  a c t i n g  i n  u n i s o n ,  w o u l d  r e f l e c t  t h e  i n -  
t e n s i t y  o f  s l i p p a g e  p i c k e d  u p  o n  t h e  arm. 
S t i l l  a n o t h e r  means of p r o v i d i n g  s l i p p a g e  i n f o r m a t i o n  i s  
b y  s i g n a l l i n g  t h e  o p e r a t o r  o n l y  when t h e  f o r c e  d i s t r i b u t i o n  o n  t h e  t o n g s  
c h a n g e s .   T h i s   i n f o r m a t i o n ,   e s s e n t i a l l y   t h e  time d e r i v a t i o n   o f   t h e   f o r c e  
d i s t r i b u t i o n ,  c o u l d  b e  a u t o m a t i c a l l y  o r  m a n u a l l y  t u r n e d  o n  a f t e r  a j a w  
c l o s u r e .  The i n i t i a l  f o r c e  p a t t e r n  wou ld   be   r emoved   f rom  the   s t imu la to r  
a r r a y  and s t o r e d   i n   a n   a r r a y   o f   f l i p - f l o p s ,  o r  a computer  memory. I f ,  
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dur ing  the  subsequent  l i f t ing  a t tempt ,  the  force  pa t te rn  changed  (any  
closed contact  opened or  any open contact  c losed)  then only these changes 
would be  p re sen ted  to  the  ope ra to r  on t h e  d i s t r i b u t i o n  d i s p l a y .  I f  no 
s l ippage resul ted from the pickup,  then there  would be no v i b r a t i o n  f e l t  
b y  t h e  o p e r a t o r ,  b u t  i f  some s l ippage  r e su l t ed ,  t he  ope ra to r  would f e e l  
the  edges  of t h e  o b j e c t  t h a t  moved. 
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* 
The development  of  our  LINC-8  c o m p u t e r  f a c i l i t y  f o r  o n - l i n e  e x p e r i -  
ment c o n t r o l  h a s  c o n c e n t r a t e d  p r i n c i p a l l y  o n  t h e  d e v e l o p m e n t  o f  s o f t w a r e .  
J u s t  p r i o r  t o  t h e  b e g i n n i n g  of t h i s  c o n t r a c t ,  w e  h a d  a c q u i r e d  a d i s k  
memory u n i t .   T h u s   o n e   o f   o u r   t a s k s  was t o  i n s t a l l  i n t o  o u r  s o f t w a r e  t h e  
p r o p e r   i n t e r f a c e s   t o   t h e   d i s k .  The i n t e r f a c e  a t  f i r s t  u s e d  a ca l l  t o  
t h e  r \ e s i d e n t  d i f f e r e n t  f r o m  t h a t  u s e d  t o  access f i l e s  o n  m a g n e t i c  t a p e .  
The d i a g n o s t i c  p r o g r a m  s u p p l i e d  w i t h  ( a n d  f o r )  t h e  d i s k  was   i ncompa t ib l e  
w i t h  o u r  r e s i d e n t  a n d  was n o t  s p e c i f i c a l l y  o r i e n t e d  t o  o u r  a c c e p t a n c e  
c r i te r ia ,  so  f o r  t h o s e  r e a s o n s ,  as w e l l  as t o  d e b u g  t h e  r e s i d e n t ' s  i n t e r -  
f a c e  a n d  t o  g a i n  some e x p e r i e n c e  w i t h  t h e  d i s k ,  w e  w r o t e  a d i a g n o s t i c  
p r o g r a m   t o   r u n   u n d e r   t h e   r e s i d e n t ' s   c o n t r o l .   T h e n ,   t o  a i d  o u r   c o u r s e   o f  
d e v e l o p m e n t   o f   t h e   s o f t w a r e ,  w e  o b t a i n e d  t h e  s e r v i c e s  o f  a n o t h e r  pro- 
grammer.  The f i r s t  t a s k s  i n  t h i s  r e g a r d  were t o   a c q u a i n t   h e r   w i t h   t h e  
p h i l o s o p h y  b e h i n d  t h e  s o f t w a r e  a n d  i t s  c u r r e n t  s t a t e  so s h e  would  be 
e q u i p p e d  t o  assist i n  w r i t i n g  i t s  n e x t  g e n e r a t i o n .  
A. Goals of t h e   S o f t w a r e   S y s t e m  
The m a j o r  w o r k  o n  t h i s  p r o j e c t  was i n v o l v e d  w i t h  t h e  d e s i g n  a n d  
i m p l e m e n t a t i o n   o f   o u r  new s o f t w a r e .   T h e r e  were t h r e e   m a j o r   a r e a s   o f  
c h a n g e ,   t h e   f i r s t   o f   w h i c h   c e n t e r e d   a b o u t   t h e   f i l e   s t r u c t u r e .  Our f o r m e r  
s o f t w a r e  h a d  a r a t h e r  r i g i d  f i l e  s t r u c t u r e  t h a t  w a s  b e a r a b l e  b e c a u s e  i t  
59 
was n o t   n e c e s s a r y   t o   s t a y   w i t h i n  it. However, w e  a n t i c i p a t e  t h e  accessi- 
b i l i t y  t o  t h e  c o m p u t e r  o f  d a t a  t o  w h i c h  w e  d o  n o t  w i s h  t o  g i v e  a r b i t r a r y  
p r o g r a m s  a r b i t r a r y  access, and w e  d e s i r e  t h e  a b i l i t y  t o  f r e e l y  move d a t a  
a b o u t  w i t h i n  t h e  c o m p u t e r ' s  s t o r a g e  m e d i a  w i t h o u t  n e c e s s i t a t i n g  a n y  pro- 
gramming  changes.   Moreover,  w e  s t r o n g l y   f e e l   t h a t   f l e x i b i l i t y   s h o u l d   b e  
p r o v i d e d  g r a c e f u l l y  b y  t h e  r e s i d e n t  i n s t e a d  o f  p a i n f u l l y  b u i l d i n g  p a r t i a l  
f l e x i b i l i t y   i n t o   e a c h   p r o g r a m .   T h u s  w e  w i s h e d   t o   g i v e  o u r  sys t em a 
s t r u c t u r e  o f  f i l e s  f l e x i b l e  e n o u g h  t o  b e  u s e d  a s  t h e  s o l e  r o o t  o f  access 
i n t o   t h e   s t o r a g e   m e d i a .  One o f   t h e   o b v i o u s   s h o r t c o m i n g s   o f   o u r   p r e v i o u s  
f i l e  s y s t e m  was t h a t  i t  c o n t a i n e d   o n l y   t w o   f i l e   d i r e c t o r i e s :   o n e   t o  
p r o g r a m s   a n d   o n e   t o   m a n u s c r i p t s   ( t e x t   f i l e s ) ;   a n d   t h e   o n l y   l o g i c a l   s u b -  
d i v i s i o n s  o f  a m a n u s c r i p t  are t h e  l i n e  o f  t e x t  a n d  t h e  c h a r a c t e r .  
1. S u b f i l e s   a n d   P a g e s  
Our new f i l i n g  a n d  t e x t - h a n d l i n g  s y s t e m s  c o n t a i n  m o r e  l e v e l s  
of a c c e s s i b i l i t y ,  b a s e d  o n  t h e  new c o n c e p t ' s   s u b f i l e s   a n d   p a g e s ,  res- 
p e c t i v e l y .  Any f i l e  c a n  c o n t a i n  a f i l e  d i r e c t o r y  whose e n t r i e s  d e s c r i b e  
f i l e s   c o m p l e t e l y   c o n t a i n e d   i n   t h a t   f i l e .   T h e s e  are c a l l e d   s u b f i l e s   o f  
t h a t  f i l e ,  and t h e i r  b e i n g  f i l e s  t h e m s e l v e s  p e r m i t s  t h e m  t o  h a v e  s u b -  
f i l e s ,   a n d   t h e   p r o c e s s   c a n  go o n   i n d e f i n i t l y .  Any m a n u s c r i p t ,   o n   t h e  
o t h e r  h a n d ,  c o n t a i n s  some  amount of t e x t  ( u s u a l l y  b e t w e e n  30 and 500 
l i n e s )   a n d   c a n   h a v e   i n t e r m e d i a t e   d i v i s i o n s   c a l l e d   p a g e s .   W i t h   f e w  
* 
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S u b j e c t   t o   r e s t r i c t i o n s   o f   s p a c e .   S u b f i l e s   o f  a f i l e   e a c h   c o n t a i n  
a t  least  o n e  r e c o r d ;  t h e y  are w h o l l y  c o n t a i n e d  i n  t h e  f i l e  o f  w h i c h  
t h e y  are s u b f i l e s ;  t h e y  o v e r l a p  n e i t h e r  e a c h  o t h e r  n o r  t h e  d i r e c t o r y  
d e f i n i n g  t h e m .   I n   a n y   f i l e   c o n t a i n i n g   s u b f i l e s ,   t h e   f i r s t   r e c o r d   o f  
t h a t  f i l e  i s  t h e  d i r e c t o r y  d e f i n i n g  t h e  s u b f i l e s .  
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r e s t r i c t ions ,  page  boundar i e s  can  be  p l aced  anywhere i n  t h e  m a n u s c r i p t  
a t  t h e  d i s c r e t i o n  of any  pe r son  wr i t i ng  (o r  a l t e r ing )  t he  manusc r ip t .  
Thus w e  have introduced two new k inds  of a d d r e s s i n g  s u b d i v i s i o n s  i n t o  
t h e  f i l e  s t r u c t u r e ,  a n d  t o  a l a r g e  e x t e n t ,  t h e  way they  are used depends 
s o l e l y  upon t h e  p e r s o n  o r  p e r s o n s  u s i n g  them. 
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l k o  advantages gained from the concept of pages are t h e  a b i l i t y  
of any person modifying a m a n u s c r i p t  t o  g u i d e  t h e  l i s t i n g  program i n  i t s  
d iv i s ion  o f  t he  manusc r ip t  i n to  8-1/2 X 11 inch  shee t s  and h is  concomi tan t  
f reedom, by using pages as  addressing subdivis ions,  to  enable  one to  
e a s i l y  f i n d  o n e ' s  way through  the  manuscr ipt .   For   example,   af ter   changing 
a page of a manuscript ,  one can update  one 's  l is t ing thereof  by l i s t i n g  
o n l y  t h a t  one  page. On t h e  o t h e r  hand, s u b f i l e s  as w e  have  implemented 
them  and a s  w e  u s e  them give one t h e  c a p a b i l i t y  o f  r e s t r i c t i n g  t h e  context  
w i th in  which a s p e c i f i c  program  operates.  This  can be use fu l  fo r  de -  
bugging purposes, and i t  can enable  one to  use a given name t o  mean 
d i f f e r e n t  t h i n g s  i n  d i f f e r e n t  c o n t e x t s .  F o r  example,  one  might w i s h  t o  
have t h e  hypo the t i ca l  commands run slime" and " e d i t  slimetr r e f e r  t o  a 
program  and a manuscript  named "slime," r e spec t ive ly .  Both t h e s e  f a c i l -  
i t i e s  can be used   to   severa l  more ends   in   addi t ion .  Both are  conducive 
to  the formation (and maintenance)  of l i b r a r i e s ;  t h e  e l e m e n t s  of a 
l i b r a r y  c o u l d  be  pages of a manusc r ip t  o r  sub f i l e s  of a f i l e .  Again, 
e i t h e r  could  be  used  to  subdiv ide  exper imenta l  parameters  in to  groups  
adapted  to  ind iv idua l  exper imenta l  sess ions ,  and these groups would now 
be eas ie r  to  main ta in  in  an  order ly  fash ion  because  they  a re  grouped  
I t  
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Those r e s t r i c t i o n s  are: 
(1) Each page  con ta ins  an  in t eg ra l  number  of l i n e s ,  a t  l ea s t  one  bu t  
no  more than 2047; 
( 2 )  The f i r s t  page begins a t  the beginning of  the manuscript ;  and 
( 3 )  The l a s t  page ends a t  t h e  end  of the  manuscr ip t ,  
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t o g e t h e r   o n  a d i f f e r e n t   l e v e l .   F i n a l l y ,   b o t h   f a c i l i t i e s   g r e a t l y   h e l p  
i n  u t i l i z a t i o n  of f i l e  s t o r a g e :  t h e  s u b f i l e  o r g a n i z a t i o n  i n c r e a s e s  t h e  
number  of f i l e s  t h a t  c a n  b e  k e p t  i n  a g i v e n  a r e a  a l l o t t e d  t o  f i l e  s t o r a g e  
w i t h o u t  i n c r e a s i n g  t h e  n u m b e r  o f  e n t r i e s  a d i r e c t o r y  c a n  c o n t a i n ;  a n d  
b y  u s i n g  p a g e s  o f  a m a n u s c r i p t  as  s u b m a n u s c r i p t s ,  o n e  c a n  h a v e  t h e  e f f e c t  
o f  m u l t i p l e  m a n u s c r i p t s  w i t h o u t  t h e  f i x e d  p a r t  o f  t h e  o v e r h e a d  o f  t h e  
e d i t o r ' s  c o n t r o l  i n f o r m a t i o n - - i n  t h e  c a s e  o f  s h o r t  m a n u s c r i p t s  ( w h e r e  
t h i s  w o u l d  b e  m o s t  u s e f u l )  t h i s  s t o r a g e  o v e r h e a d  c a n  b e  m o r e  t h a n  70 
p e r c e n t .  
2. C h a r a c t e r   S e t  
The  second  ma jo r  a rea  o f  change  was  tha t  of c h a r a c t e r  sets. 
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The c h a r a c t e r  s e t  f o r m e r l y   u s e d  was v e r y  f a r  f r o m  u n i v e r s a l l y  a c c e p t e d  
a n d  w a s  d e c i d e d l y  l a c k i n g  ( b y  m o d e r n  s t a n d a r d s )  i n  c o n t r o l  f u n c t i o n s ,  
t he   mos t   so re ly   mi s sed   o f   wh ich  were a t a b u l a t i o n ,  a page  mark,  and  marks 
t o  show t h e  f u n c t i o n a l  e n d s  o f  a t r a n s m i s s i o n  b l o c k  ( r e c o r d )  a n d  a 
m a n u s c r i p t .  A s  a s u i t a b l e   a l t e r n a t i v e ,  w e  c h o s e  a c h a r a c t e r  set c l o s e l y  
d e r i v e d   f r o m  USASCII; t h i s  g a v e  u s  t h o s e  e x t r a  c o n t r o l  f u n c t i o n s  ( a n d  
p o t e n t i a l  for g r e a t  e x p a n s i o n ) ,  p e r m i t t e d  u s  t o  u s e  t h e  t e l e t y p e s  a t t a c h e d  
t o  t h e  c o m p u t e r  w i t h o u t  t h e  o v e r h e a d  o f  memory space   and   programming 
time f o r m e r l y  i n c u r r e d  b y  t h e  n e e d s  t o  t r a n s l i t e r a t e  c h a r a c t e r s ,  a n d  
p e r m i t t e d  u s  t o  u s e  t h e  f o r m e r l y  i n a c c e s s i b l e  p r i n t i n g  c h a r a c t e r s  on 
t h e s e  i n s t r u m e n t s .  
The S i x  B i t  U n i v e r s a l  Random C h a r a c t e r  S e t  (SBURCS) i s  a p a r -  
t i c u l a r   s i x - b i t   c o n t r a c t i o n   o f  USASCII. I t  i s  a c o n t r a c t i o n   o f  ASCII 
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The m a n u f a c t u r e r - s u p p l i e d  c h a r a c t e r  set w a s  o n e  u s e d  w i t h  t h e  L I N C  
c o m p u t e r   a n d   c o n s i s t e d  of t h e  let ters a n d  d i g i t s ,  as w e l l  as 16 
p u n c t u a t i o n  m a r k s  e s p e c i a l l y  t a i l o r e d  t o  t h e  LINC. 
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since,  because of the widespread acceptance thereof,  our charac te r -se t -  
dependent  hardware  uses it. Thus t o  u s e  a non-ASCII-derived c h a r a c t e r  
set ,  as w a s  p r e v i o u s l y  t h e  case, w e  would  need  even more e labora te  (and  
thus  cos t ly  o f  memory s p a c e )  t r a n s l i t e r a t i o n  r o u t i n e s  t h a n  t h a t  c u r r e n t l y  
used  for  compatabi l i ty  or would  need t o  contend (as w e  do now for 
compa tab i l i t y )  w i th  hav ing  seve ra l  d i f f e ren t  cha rac t e r  sets f o r  d i f f e r e n t  
purposes ,   wi th   a t tendant   confusion and waste of time. Because  equipment 
f i t t e d  o u t  f o r  ASCII i s  used  here  as  w e l l  as i n  a widespread community 
of  computer  people, i t  i s  somewhat d e s i r a b l e  t o  be a b l e  t o  u s e  a l l  t h e  
g raph ic   r ep resen ta t ions   ava i l ab le  on the  equipment.   Finally,  i t  was 
d e s i r a b l e  t o  i n c r e a s e  t h e  number of c o n t r o l  f u n c t i o n s  s p e c i f i a b l e  i n  
a t e x t  s t r i n g ,  and ASCII i s  amply provided w i t h  u se fu l  con t ro l  func t ions .  
One  may ask why ASCII was c o n t r a c t e d  t o  SBURCS ins t ead  of 
being carr ied around w i t h  i t s  f u l l  8 - b i t  w i d t h - - t h i s  would have saved 
44 words ( 2  percent )   o f   the   res ident .  However, t h e   s i x - b i t   c o n t r a c t i o n  
pe rmi t s  cha rac t e r s  t o  be  packed  two t o  a word, t hus  ha lv ing  the  s i ze  of 
t e x t  s t r i n g s  i n  a program  and subs t an t i a l ly   compac t ing   f i l e s .   I nc iden ta l ly ,  
t h e  LINC has  ha l fword-or ien ted  ins t ruc t ions ,  thus  caus ing  ha l fword  
pack ing  to  be a t t a i n a b l e  a t  l i t t l e  or no additional  overhead.  Given t h e  
desire t o  u s e  a s ix -b i t  con t r ac t ion  wi thou t  l o s ing  the  ex t r a  con t ro l  
func t ions ,  i t  was n e c e s s a r y   t o   e s t a b l i s h  a case-shif t   convent ion.  Based 
on expected usefulness ,  a c h a r a c t e r  ( % I  was chosen as a case-sh i f t  char -  
acter, and there   remained   on ly   to   dec ide   the   usage   thereof .   S ince  most 
c h a r a c t e r s  i n  our  text  s t r i n g s  are p r i n t i n g  c h a r a c t e r s ,  and because of 
the  nuisance  (and  bugs)  sur rounding  in i t ia l iza t ion  convent ions ,  i t  w a s  
dec ided  tha t  t he  case - sh i f t  cha rac t e r  would a f f e c t  o n l y  t h e  c h a r a c t e r  
immediately  following i t .  The f ina l   convent ion   chosen  was the   a lgor i thm 
by  which the  spac ing  charac te rs  are converted between ASCII and SBURCS, 
t h e  c o n t r o l  c h a r a c t e r s  c o n v e r t i n g  i n  a computat ional ly  expedient  way. 
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On t h e  LINC, i t  seems easier t o  g e n e r a t e  a z e r o  t h a n  a n y  o t h e r  g i v e n  b i t  
pa t t e rn ,  and thus  cons idera t ions  of  ease of i n i t i a l i z a t i o n  ( e . g . ,  of text 
bu f fe r s )  l ead  the  cha rac t e r  code  fo r  a b l ank  ( space )  t o  be chosen as 
zero .   This   l e f t   on ly   computa t iona l   cons idera t ions   to   form  the   f ina l  
conf igu ra t ion  of SBURCS. 
3. Block S t r u c t u r e  
The l a s t  major change i n  t h e  s o f t w a r e  was t h e  least  sweeping 
of t h e  t h r e e ;  i t  i s  concerned solely w i t h  t h e  process  of formula t ing  
p rograms   fo r   t r ans l a t ion   t o  machine  language.  In  order  to  increase 
f l e x i b i l i t y ,  i t  i s  u s e f u l  t o  b e  a b l e  t o  d i v i d e  a program i n t o  u n i t s ,  
ca l l ed  b locks ,  w i th  the  p rope r ty  tha t  any  name i s  meaningless  (and thus 
a v a i l a b l e  f o r  c o n t r a d i c t o r y  u s e )  o u t s i d e  i t s  block.  Blocks  can be con- 
t a ined  in  o the r  b locks ,  and a s  l o n g  a s  a b lock  doesn ' t  e s t ab l i sh  a new 
(and contradictory)  use f o r  a name, a l l  names mean t h e  same wi th in  
i t  a s  they  do  in  the  b lock  con ta in ing  i t .  The implementation of t h i s  
concept, called b lock  s t ruc tu re ,  i s  conducive  to  more eas i ly  mod i f i ed  
programs because more things can be named, and names can be used more 
freely because one can be less concerned with possible  other  uses  of a 
given name. A t  t h e  end of a block  then,  any names l o c a l  i n  s c o p e  t o  
that block need no longer  be remembered; t h u s  t h e  memory space used to  
remember  them can be r ecove red  to  remember o t h e r  names. 
B. The Resident 
The software  system we have  evolved  consis ts  of two p a r t s :   t h e  
r e s i d e n t  and the   nonres ident .  The r e s i d e n t  i s  so called because i t  
s t a y s  i n  a s p e c i f i c  p a r t  of memory f o r  d a y s  a t  a time. I t  p r o v i d e s  
general-purpose funct ions to  be used by the programs (cal led object  
programs) more properly  thought  of as running  on  the  computer.  Almost 
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all  input  and  output is done  by  the  resident,  as  called  upon  by  the  object 
programs,  and  the  face  presented  the  object  programs  of  this  work is 
considerably  more  program-oriented  than  the  face  seen  by  the  resident 
itself.  The  nonresident,  on  the  other  hand, is simply  a  collection  of 
object  programs,  each of which is general-purpose in function but no 
function  of  which is urgently  enough  needed  to  require  its  inclusion 
in the  resident. 
The  modifications  to  the  resident  can  be  grouped  into  two  broad 
classes--functional  and  technical,  the  distinction  being one of  the 
degree of  outward  visibility of the  modifications.  The  most  important 
aspect  of  the  functional  modifications was the  establishment  of  complete 
compatibility  in  the  sense  that  it  is  now  possible  (and  even  easy) to 
write  programs  having  all  the  characteristics  desired  for  eventually 
time-shared  programs.  Of  course  the  most  important  part  of  this is that 
the  resident  can  use  the  file  system  as  fully  conceptualized  and  that 
the  file  system  does in fact  give  enough  capability  that  no  parallel 
method  of  access to  the  storage  media  need  be  used.  The  other  principal 
new  functional  capability is that  the  nonresident  system  can  at  last 
move  about in the  storage  media as it  wishes.  This  flexibility  will 
probably  not  see  heavy  use,  but i  is a very  important  one. 
On the  more  technical  side,  the  resident  has  been  generally  cleaned 
up and  made  quite  coherent  and  readable,  thus  enhancing  its  readiness 
to  accept  modifications.  Along  with  this  cleanup,  the  interface  software 
for the  teletypes  was  rethought  and  generalized,  a  swapper  was  installed 
in the  scheduler,  and  in  general  the  time-sharing  capability  was  provided 
for and  barred  only  by  lack  of  space for  expansion of  tables.  When  we 
cut  off  compatibility  with  our  previous  system,  we  will  finally  be  able 
to  expand  those  tables.  Finally,  the  new  resident  has  functioned  ad- 
mirably  well as a test  bed for the  new  methodology. 
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C. The Nonresident 
The nonresident system can be viewed as c o n s i s t i n g  of t h r e e  p a r t s :  
t h e  f i l e - m a n i p u l a t i n g  p a r t  ( w i t h  some genera l -purposa  u t i l i ty  programs) ,  
t he   t ex t -hand l ing   pa r t ,  and the  program-handl ing  par t .  The f i r s t  of 
t h e s e  p a r t s  c o n s i s t s  o f  a program ca l led  the  Iceberg ,  which manipulates  
f i l e  d i r e c t o r i e s ,  and several f i le-copying rout ines ,  which w i l l  not  be 
f u r t h e r   d i s c u s s e d .  The p r inc ipa l   t ex t -hand l ing  program i s  t h e  e d i t o r ,  
and s u b s i d i a r y  t o  i t  a r e  a program t o  e a s i l y  t y p e  o u t  t h e  c o n t e n t s  of a 
manuscr ipt  in  an appeal ing format  and MUNG, a program t o  c l e a n  up a 
manuscript .   There  are two  main programs in   the   p rogram-handl ing   par t :  
KOS, t he  loade r  of programs,  and  the  assembler, i t s  link t o  t h e  t e x t -  
handl ing   par t .  The rest of t h i s  s e c t i o n  w i l l  s l i g h t l y  expand  on these  
p a r t s  of t h e  nonresident  sof tware.  
1. F i l e   Hand l ing  
The Icebe rg   hand les   sub f i l e   d i r ec to r i e s .   (The re  i s  another  
f o r m a t  o f  f i l e  d i r e c t o r y ,  b u t  d i r e c t o r i e s  i n  t h i s  f o r m a t  a l t h o u g h  i m -  
po r t an t ,  w i l l  n o t   o f t e n   b e   a l t e r e d . )   I t   h a s   t h e   f e a t u r e   t h a t  i t  w i l l  
make an i n i t i a l i z e d  d i r e c t o r y  when asked t o  m a n i p u l a t e  e n t r i e s  i n  a 
n o n e x i s t e n t   d i r e c t o r y .   I t   a l s o   k e e p s   t h e   s u b f i l e s  of a f i l e  s e p a r a t e  
f rom each  o ther - - i t  can  in  some cases  be  use fu l  t o  ove r l ap  subf i l e s ,  bu t  
t h i s  c a p a b i l i t y  i s  not  provided by the  Iceberg .  
2.  Text  Handling 
I n  t h e  t e x t - h a n d l i n g  p a r t ,  t h e  e d i t o r  i s  t h e  p r i n c i p a l  p a r t ,  
t h e  one p e r m i t t i n g  a l t e r a t i o n  of t he  t e x t .  I t   a d d r e s s e s   t h e   t e x t  by 
page number and l i n e  number wi th in  tha t  page ,  and i t  has two commands 
to   manipulate   page marks. One of t hese  commands c a u s e s  i n s e r t i o n  of a 
page mark b e f o r e  t h e  c u r r e n t  l i n e ,  and t h e  o t h e r  removes the page mark  
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s t a r t i n g  t h e  c u r r e n t  p a g e .  Of course,   both of t hese   func t ions  are sub- 
j ec t  t o  t h e  a f o r e n o t e d  r e s t r i c t i o n s  ( s e e  f o o t n o t e  t o  S e c t i o n  IV-A-1) 
and also cause automatic  renumbering of  a l l  succeed ing  l i nes  on the  
cur ren t   page  and of a l l  succeeding  pages. Thus f l e x i b i l i t y  is  enhanced 
as much as poss ib le .  The l i s t i n g  program  (not  part  of t h e   e d i t o r ,   s o l e l y  
because of memory s p a c e  l i m i t a t i o n s )  t y p e s  a manuscr ip t  in  8-1/2 inch  
X 11 inch sheets, each of which has a heading  conta in ing  the  manuscr ip t ' s  
name, the  page  number, t h e  s h e e t  number of t h a t  page, and several   dozen 
charac te rs '  wor th  of in format ion  suppl ied  by the  pe r son  us ing  the  lister. 
Las t ly ,  MUNG c a n  r e a d  t e x t  i n  a format easily generated by experiment- 
running  programs,  and it  writes a manuscr ip t  conta in ing  cont ro l  in for -  
mation and b l o c k e d  f o r  t h e  e d i t o r .  (At t h i s  p o i n t  i t  might  be  noted 
t h a t  t h e  e a s i e s t  way t o  make a program read a manuscript w i l l  cause i t  
t o  i g n o r e  t h i s  b l o c k i n g  and cont ro l  in format ion .  ) MUNG a l s o  h a s  t h e  
c a p a b i l i t y  of merging several  manuscripts into one, leaving page boundaries 
a s  v e s t i g e s  of the old manuscript  boundaries ,  thus giving a powerful and 
f l e x i b l e  g r i p  on t h e  s t r u c t u r e  o f  t h e  t e x t .  A f e a t u r e  t o  be  added i s  
t h a t  MUNG be  ab le  to  op t iona l ly  se l ec t  pages  from i t s  s o u r c e  f i l e s ,  t h u s  
i n c r e a s i n g  t h e  u t i l i t y  of the system. 
3.  Program  Handling 
In the program-handling part  of t h e  nonresident ,  KOS ( the  pro-  
gram loader )   occupies  a very   powerfu l   pos i t ion .  By v i r t u e  of t h e  s u b f i l e  
f a c i l i t y ,  i t  can e a s i l y  and does draw  upon s e v e r a l  l i b r a r i e s  of programs. 
Thus the maintenance of l i b r a r i e s  of  programs i s  much l e s s  cumbersome 
than  was p rev ious ly   t he  case. Moreover, t h i s  e f f e c t  i s  fur ther   enhanced 
by t h e  f a c t  t h a t  w e  can now have publ ic  and p r i v a t e  l i b r a r i e s ,  w h e r e  
formerly w e  had a t  f i r s t  a system with only a p r iva t e  l i b ra ry  (wh ich  had 
to   conta in   p rograms)  and then a system  with a s i n g l e   p u b l i c   l i b r a r y  
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and a s i n g l e  p r i v a t e  l i b r a r y  ( w h i c h  a l s o  c o n t a i n e d  a l l  manuscr ipts) .  
I n  a d d i t i o n  t o  t h i s  p o w e r f u l  f l e x i b i l i t y ,  whenever KOS loads  a program, 
i t  can as i t  sees f i t  ( and  in  p rac t i ce  mus t )  des igna te  a f i l e  d i r e c t o r y  
(somewhere i n  i t s  universe  of f i l e s )  as t h e  root of  the  un ive r se  of f i l e s  
for t h a t  program.  (The s e l e c t e d  d i r e c t o r y  i s  u s u a l l y  a s u b f i l e  d i r e c t o r y . )  
Thus not only does KOS select a program  from s e v e r a l  l i b r a r i e s  t h e r e o f ,  
but  i t  selects a l i b r a r y  o f  d a t a  f o r  t h a t  p r o g r a m  t o  o p e r a t e  upon. 
The a s semble r  t r ans l a t e s  manusc r ip t s  con ta in ing  a program i n  a 
t ex tua l  fo rm to  p rograms  in  "machine language" ( a  form usab le  by KOS 1. 
A s  previously mentioned,  this  involves  a c a p a b i l i t y  f o r  t h e  u s e  of block 
s t ruc tu re  in  the  a s sembly  l anguage  ve r s ion  of a program,  which s i m p l i f i e s  
the   p roblems  in   formula t ing  a program.  Another  useful  property of t h i s  
assembler i s  i t s  c a p a b i l i t y  t o  a c c e p t  a s t r i n g  of manuscript  names for 
the  source of  the program, thus permit t ing a program to  be  broken  as 
convenient  in to  manuscr ip ts ,  which  can  be  put  toge ther  in  d i f fe ren t  ways 
f o r   d i f f e r e n t   p r o g r a m s .  Of cour se ,   t he   d iv i s ion  of a program i n t o   b l o c k s  
i s  independent  of i t s  divis ion  into  l ines ,   pages,   and  manuscr ipts .   For  
technical   reasons,   the   assembler  i s  broken  in to  two p a r t s ,  one t r a n s l a t i n g  
the manuscripts  (assembly language)  to  an intermediate  form,  the other  
t r a n s l a t i n g  t h e  i n t e rmed ia t e  form t o  machine  language. This l a t t e r  p a r t  
w i l l  soon  be  ab le  to  p lace  the  machine  language  vers ion  d i rec t ly  in to  a 
KOS l i b r a r y .  
D. Conclusions 
A system of sof tware  for our LINC-8 f a c i l i t y  h a s  b e e n  d e s c r i b e d .  
This sys tem has  been  especial ly   designed  for   experiment   control .  Even 
though t h e  system i s  based  on a small computer ,  the addi t ion of a d i s k  
memory un i t  t oge the r  w i th  th i s  so f tware  sys t em removes many of the  pro-  
gramming and o p e r a t i n g  r e s t r i c t i o n s  t y p i c a l l y  f o u n d  i n  s m a l l  c o m p u t e r  
i n s t a l l a t i o n s .  
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Some further work  on the system is still required before we have 
full  use of its major capabilities. This mainly  involves cutting off 
compatibility with our previous system, thus enabling  expansion of the 
resident tables and operation in a time-sharing mode. We hope to complete 
these  steps soon. 
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